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“I must constantly choose among competing and apparently incommensurable
goods [...]; - and accept- that an event that simply happens to me may, without
my consent, alter my life; that it is equally problematic to entrust one’s good to
friends, lovers, or country and try to have a good life without them—all these I

take to be not just the material of tragedy, but everyday facts of lived practical

reason.”

Alec Nevala-Lee
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Harnessing the innate Immune system for improved Virus-Like

Particle based immunotherapy

Abstract

Vaccination is deemed as the most successful intervention in public health®. As the
overall life span of the human population increases and exposure to pathogens strongly
decreased due to efficient vaccine programs, the accepted risks associated with
prophylactic measures, such as attenuated vaccines, is substantially reduced and efforts
need to be focused on the development of safer and better tolerated vaccines.
Recombinant, non-replicating vaccines may therefore represent an attractive alternative.
Virus-like particles (VLPs) have emerged as a promising alternative due to their excellent
safety profile and remarkable immunogenicity.

Recently, the successful concept of educating the immune system to fight
infectious diseases has been expanded not only to prevent but also to treat existing chronic
and autoimmune diseases. VLPs are increasingly being explored as a platform for vaccines,
delivery of drugs and adjuvants, and as a tool to investigate the immune system in the
context of infectious and non-infectious diseases.

Here, applications of VLPs as prophylactic and therapeutic vaccines are explored.
The immune response raised in response to immunisation is investigated and the findings
directly translated and applied to the development of vaccines against tumours and
Influenza. First, the impact on the immune response of the size of vaccine components and
mode of presentation of heterologous antigens is evaluated in the context of humoral and
cellular responses in a HPV tumour model. Second, the initial events in the immune
response mediated by dendritic cells that lead to protective T cell responses induced by
VLP-based T cell vaccines is investigated. Thirdly, the ability of VLPs to modulate humoral
responses is explored and we show that appropriate TLR7 engagement is crucial for the
induction of protective antibody responses against influenza.

Finally, this thesis provides insights into the immune response following

immunisation with VLP-based vaccines and considerations for vaccine development.

Ariane Cruz Gomes, DPhil in Clinical Medicine, Kellogg College.
Michaelmas term — 2018 (300 words).
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Overview of Experimental chapters

Chapter II - VLPs as a platform for T cell based vaccine — Implications of size
and mechanism of antigen presentation for vaccine design

HPV is the main cause of cervical cancer worldwide. In the recent years, three
vaccines have been developed to prevent infection; however, until immunisation
programs reach critical coverage in the population, there is still a large part of
subjects at risk of developing HPV-related cancer. To those previously infected
subjects, a therapeutic vaccine stands as an attractive solution. Here, we investigate
the immune response and the characteristics of a therapeutic VLP-based vaccine

against HPV-related tumour.

The trafficking of antigens from the periphery to lymph nodes (LNs) or spleen is
governed mainly by the size of the particles*. Nanoparticles within the size range
of 20-200nm can freely flow through the lymph rapidly reaching LNs where they
can encounter relevant APCs, including DCs and B cells that will initiate the
immune responses in addition to encountering effector cells such as CD4- and CD8&
T cells, that may be engaged in the response depending of the stimuli:. Thus,
adjusted size of the particle guarantees the rapid spatial distribution of the

antigens to the relevant immune centres, such as LNs.

By simply mixing antigens and adjuvants of similar size, it may be possible to
target the same individual cells within the LNs avoiding conjugation steps. To test
this, we generated particulate adjuvants and antigens of different size and
measured humoral and T cell responses. We found that covalent linkage was
essential for maximal B cell response regardless of the size of the antigen. In

contrast, an admixed formulation of particulate E7 oligomers with CpG-loaded
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VLPs of similar size was sufficient to induce optimal CD4 and CD8 T cell
responses that proved to be protective as a therapeutic vaccine in an HPV tumour
model. These findings have direct implications for vaccine design and can be
employed to further understand the requirements for induction of appropriate T

and B cell responses upon vaccination.

Published: Gomes, AC et al / Frontiers in Immunology, 8(March), 1-10

Chapter III - Early transcriptional reprograming in dendritic cells and the
induction of protective T cell responses upon immunisation with VLPs

Inducing T cell responses by therapeutic vaccination requires appropriate
activation of antigen presenting cells. The use of virus-like particles (VLPs)
containing TLR ligands has demonstrated remarkable potential in modulating the
immune response for prophylactic vaccines as well as immunotherapy or
prophylactic vaccines. Here, we aimed to employ VLPs associated to TLR ligands
as tools to modulate cytotoxic response by CD8: T cells and provide further insight
in the development of T cell-based immunotherapy. We have investigated the
transcriptomic profiles in dendritic cells (DCs) from mice immunised with VLPs
containing distinct classes of nucleic acid and correlate the expression patterns
with the efficiency of T cell responses induced. We identified key pathways
activated in DCs that are involved in the appropriated induction of T cell responses
and show evidence for the modulatory effect of CCL2 on the CD8" T cells mediated
response. We have also provided evidence for the regulation of IFN-a responses
induced by STING upon immunisation with Qf but not QB(CpG) and shown
evidence that reduction of expression of CD101 may be a potential mechanism of
tumour control by cancer vaccines based on QB(CpG). These insights shed light on

immune networks that are pivotal for the induction of potent cytotoxic T cell
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responses and identify key genes for appropriate DC activation and subsequent

modulation of the adaptive immune response.

Chapter IV - Innate pattern recognition receptors and IgG class switching —
Implications for vaccine design

An universal influenza vaccine has been a long sought goal in the field of vaccines.
Here, using an heterologous VLP presenting the highly conserved extracellular
domain of the M2 protein from the influenza viruses as an antigen, we
demonstrated that the type of the RNA packaged into VLPs can alter the quality
of the induced humoral response, namely by modulating isotype switching. We
have also provided evidence that the process is predominantly TLR7 dependent,
and ruled out a role for MAVS and possibly its upstream sensor RIG-I. Finally, we
have evaluated the impact of the quality of humoral responses (i.e. the ratio of
different IgG subclasses induced by the vaccine) in the efficacy of the vaccination

to protect against influenza-related morbidity in a murine influenza model.

Our findings provide further considerations for the rational design of VLP-based
vaccines and the immunomodulation exerted by TLR7 ligands packaged within
the particles. Based on this work, scientists can be better informed with respect to
the impact of manufacturing choices for vaccine production on the induced
immune responses and additional variables that can influence the immune

response and vaccination outcome.
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Chapter I — Introduction

1.1 Literature Review

Literature review was performed by searching the term “vaccines” in the database
Pubmed. The revision process was initially focused on reviews analysing the
current state of development of therapeutic and prophylactic vaccines. In addition,
the latest recommendations and information available through the World Health
Organisation (WHO) website were also used as a start-point. Manuscripts on the
topic of innate immunity and immunisations and specific articles within the topic
were also selected in order to narrow down the topic to the following subjects:
virus-like particles, PRR ligands as adjuvants, Influenza vaccines, therapeutic

vaccines against tumours.

This literature review aims to summarize the current landscape of the vaccine
development field and to layout the rationale behind the proposed study, which
employs VLP-based vaccines to selectively engage and modulate the innate

immune response for therapeutic and prophylactic vaccines.

1.2 Vaccines —an Overview of the past and the way forward

The first reports of active immunisation dates back to 1100 with the description of
a technique called variolation, consisting of inoculating healthy subjects with dried

scab material from patients that recovered from smallpox:. Later, Edward Jenner

26



in the 1790s formally demonstrated that immunisation of healthy subjects with
fluids of patients previously exposed to cowpox would confer increased protection
against smallpox;, by doing so, Jenner revolutionised human populational health
and strategies to intervene and prevent diseases. Since then, according to the WHO
there have been several licensed vaccines against at least 26 infectious diseases
(table I.1) available for human use. It has been estimated that vaccines alone have
contributed significantly to an overall life-span increase of 30 years with the

prevention and eradication of diseases'.

Among the vaccines approved for humans, there are four main categories: live,
inactivated, sub-unit, and bacterial toxoid:. (i) Live vaccines may either employ the
attenuated pathogen or a heterologous virus usually belonging to the same family
or quasi-species of the target virus, and that are able to confer cross-protection.
Live vaccines based on the live-attenuated pathogen, contains the pathogen that
underwent successive passages in cell lines or non-natural hosts, resulting in
strains with reduced pathogenicity. (ii) Inactivated vaccines consist of the killed
pathogen, the inactivation process is usually achieved by formaldehyde treatment
or irradiation of the etiologic agent of the disease. Both live and inactivated
vaccines require special storage conditions to avoid reversion to the pathogenic
phenotype, which poses a logistic challenge in remote areas of developing
countries, leaving room for further improvement in the vaccines within this
category. Live-attenuated vaccines although often highly immunogenic and
efficacious, carry the associated risk of reversion to the virulent form of the
pathogen. Whilst inactivated vaccines may be safer, they are commonly
accompanied by the problem of reduced immunogenicity and low efficacy. (iii)

The third type, subunit vaccines, encompasses any formulation that utilises parts
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of the antigens in the creating of the vaccine. In this category it is included vaccines
generated through recombinantly expressed proteins, VLPs, glycoconjugate, and
polysaccharide based vaccines. (iv) Lastly, the toxoid-based vaccines consist of the
toxin derived from the pathogen that has undergone processes of chemical
inactivation resulting in the loss of capacity to cause disease while conserving
neutralising antigenic targets’. Although it can be argued that toxoids are also a
type of subunit vaccine, they are classified within their own group owing to the

fact that those vaccines do not aim to neutralise the pathogen, but the toxin itself.

Early immunisation strategies predominantly employed live attenuated or
chemically inactivated pathogens as seen in figure 1, which illustrates the vaccines
produced to date according to the technology employed. As the threat posed by
infectious diseases became greatly reduced due to the successful immunisation
programs around the world and eradication of certain pathogens, the associated
risks accepted for any vaccine or medication was likewise reduced». Currently, the
immunogenicity versus safety is the main paradigm guiding vaccine
development, where it is necessary to produce vaccines safe to the individual
however virulent enough to elicit a protective immune response. The success of
previous vaccines has imposed further pressure on the matter, stimulating the
transition from live attenuated vaccines to safer subunit vaccines or vaccines based

on safe vectors, such as Adenoviruses and MVA.
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Table 1.1: Vaccines licensed for humans

Disease Type Year Pathogen
Cholera Inactivated 1896 Bacteria
Dengue Subunit 2015  Virus
Diphtheria Toxoid 1923 Bacteria
Subunit 1988
Haemophilus influenzae type B (HiB) Subun!t k2R Bacteria
Subunit 1987
Inactivated 1985
Hepatitis A — 2001 Virus
Inactivated 1995
Subunit 2001
Hepatitis B LP 1989 Virus
VLP 1986
VLP 1981
Hepatitis E VLP 2011 Virus
VLP 2006
HPV VLP 2007 Virus
VLP 2009
Inactivated 2015
Inactivated 2012
Influenza Inactivated 2005  Virus
Live 2003
Inactivated 1945
Japanese Encephalitis Inactivated 1992 Virus
Malaria Subunit 2015 Protozoan
Live 1973
Measle Lfve — Virus
Live 1963
Inactivated 1963
Subunit 2005
Meningococcal meningitis Subunit 1981 Bacteria
Subunit 1978
Live 1967
Mumps Live 1973 Virus
Live 1967
Subunit 2000
Peneumococcal disease Subunit 1983 Bacteria
Subunit 1977
Inactivated 1915
Pertussis Subunit 1991 Bacteria
Inactivated 1949
Pneumococcal disease Subunit 1977 Bacteria
Inactivated 1990
Poliomyelitis Live 1961  Virus
Inactivated 1955
Live 1980
Rabies Live 1885 Virus
Inactivated 1914
Live 1998
Rotavirus Live 2006  Virus
Live 2006
Rubella e LR Virus
Live 1971
Tetanus Toxoid 1937 Bacteria
Inactivated 1976
Tick-borne encephalitis Live 1961  virus
Live 1941
Tuberculosis Live 1921 Bacteria
Subunit 1989
Typhoid Inactivated 1896  Bacteria
Live 1952
Live 1798
Varicella b . Virus
Live 1974
Sub-unit 2005
Live 1978
Yellow Fever Live 1953 Virus
Live 1930

*Vaccines written in italic
have been withdrawn
from the market.

Source:

http:/ /www.immunize.or
¢ /timeline /accessed on
19th of July of 2018.
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Historically, the choices available during the design phase of a vaccine are
constrained by the three following variables: the technologies available at the time
of vaccine development, immunogenicity, and tolerability. Until the development
of in vitro techniques and recombinant DNA in the decade of 1970’s", the most
common type of vaccine were live and inactivated. After the 1970s however,
recombinant techniques had expanded the choices of strategies available for
vaccines development, resulting in several new recombinant vaccines including
VLPs. This has been to the detriment of advances in live and inactivated vaccines

(figure I.1), and it is expected that this trend may likely continue in the field.

VLP -
Type

Inactivated

Toxoid lie

Sub-unit

Toxoid

Subunit WP

Live -

Inactivated

Figure I.1 - Type of vaccines licensed for humans.

Vaccines licensed for humans classified according to the type of vaccine: inactivated, live
pathogen, live-attenuated, subunit, toxoid or VLP and approximate year of licensing.
Source: Immunize.org!?. In addition to the four categories, VLPs are highlighted for being

the focus of this thesis.



Considering the trend-shift towards safer subunit vaccines and that formulations
of this kind often induce low immunogenicity, it is of great importance to refine
the techniques available for vaccine development and understand the interactions
of vaccines with the immune system. Basic research in the field of recombinant and
subunit vaccines can lead to important insights that will support the development
of new vaccines and could also help improve the immunogenicity and safety of
the existing ones. Moving towards safer recombinant vaccines has also become of
major importance as a response to address the growing and sometimes unfounded

public concerns towards vaccine safety».

The rational for subunit vaccine development includes the selection of an immune-
dominant antigenic target, usually a surface protein of the pathogen recognised by
neutralising antibodies. Proteins alone however, are often unable to elicit an
immune response once removed from the context of the pathogen their so called
pathogen associated molecular patterns (PAMPs), as postulated by Janeway et al
on his work on pathogen recognition®. The solution to this problem was discovered
empirically with the use of adjuvants such as Alum, showing that in order to
overcome the low immunogenicity of subunit vaccines, it becomes necessary to
combine the chosen antigen with immunogenic substances that are able to induce
a non-specific inflammatory response in parallel to the presentation of the

antigen®.
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1.3. Lessons from the immune system to the vaccine development field

The immune system of vertebrates starting as far back in the evolutionary tree as
the agnates, is traditionally divided in two modular branches, the innate and the
adaptive immune system. There are two major defining characteristics of the
aforementioned branches of immunity, the first is the general mechanism of
recognition of the invader, and the second is the level of the specificity of the
response mounted against the antigen. Starting with the innate immune system,
the general mechanism of action can be described as a first line of defence,
mounting a fast, non-specific response through the identification of general
pathogen-associate or danger/damage patterns or by simply creating mechanical
or physiological barriers against infection®. Regarding the level of specificity of this
response, the pathogen recognition by the cellular branch of the immune system is
mostly mediated by germline encoded pattern recognition receptors (PRRs)
expressed by immune cells, that do not recognise specific antigens but their
conserved associated patterns». For instance, certain PRRs are able to recognise the
level of secondary modification in the nucleic acid, which is different between
prokaryotes and eukaryotes, leading to different type and magnitude of
responses®. Although the initial immune response elicited will not be specific to
the etiological agent, the innate system will trigger general responses against that
class of pathogen (e.g. virus, bacteria or helminth). The general innate response will
attempt to control the pathogen whilst also recruiting, activating, and
orchestrating the establishment of the adaptive immune response. The adaptive
response on the other hand, can be classified as a second line response as it
develops in a later stage of infection or pathology and may result in immunological
memory against that specific etiological agent. The general mechanism of action is

pathogen-specific as it relies on antigen and receptor interaction followed by clonal
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expansion of the cognate cells. The classification in these two branches indeed
facilitates the study of this complex system. However, the separation of innate and
adaptive may fail to address the intricacies of the blurred boundaries of the two
systems. Whenever possible, it is pivotal to analyse the findings of immunological
and vaccine research in the light of these two connected branches that are

constantly interacting and cross-modulating the immune responses.

In the prophylactic vaccine development field, the main goal is to induce a robust
adaptive response that will lead to immunological memory against a given
pathogen”. For years, some would claim that the field was biased towards the
study and activation of the adaptive immunity. The case to favour adaptive
immunity over innate relies on the fact that both B and T cells — two main
representative cell types of the adaptive immune response - have antigen-specific
and receptor-based interactions and establish memory, while innate immunity is
unable to directly perform either. Contrary to B cells, which as APCs are also able
to obtain and process their own antigens, T cells do not respond unless they
undergo antigen presentation and priming events*. These functions are performed
primarily by the innate immune system, namely by DCs. For T cell-based vaccines,
considering the imperative need of innate immunity activation, it becomes
paramount to include the innate immune system into the deliberations for vaccine
design. For B cells, although not essential, innate and T cell help may be necessary
in cases where the antigen alone fails to induce B cell immunity. The distinct nature
of interactions of DCs, B and T cells and the indispensable role for DCs at inducing

T cell responses is highlighted in figure 1.2.
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APCs
» Unspecific uptake of NPs * BCR crosslinking by » Cross-presentation by
» Triggers activation and repetitive surface activated APCs.
maturation of DCs * Reduced threshold for » Activation and expansion of
» Cytokine secretion activation. CD8+ T cells.
» Presentation and activation + B cell activation
of T cells + Production of long-lived
antibody and affinity
maturation

Figure 1.2 - Interaction of immune cells and viral particles

Interaction of viral particles and relevant immune cells. APCs such as dendritic cells are the
main cells recognizing and driving the immune response against nanoparticles. The
unspecific uptake guarantees that those cells will internalize and process most of the
pathogens and molecules. The uptake of NPs triggers maturation of DCs and secretion of
relevant cytokines that will stimulate other cells, such as T lymphocytes, and modulate the
immune response. Humoral immune response is favoured by the repetitive surface which
promotes BCR crosslinking and activation of B cells, leading to activation and production of
long-lived antibody responses. Cellular and cytotoxic responses are driven by the APCs that
internalized the NPs and cross-present the antigens to T cells. Adapted from: Harnessing

Nanoparticles for Immune-modulation and Vaccines, Gomes et al*.

1.4 Induction of B and T cell responses by vaccination

In light of the proven success of vaccines against infectious diseases, scientists
started to develop similar approaches to prevent and/or treat non-infectious
diseases following the same strategy of educating the immune system to control

the offense. Most of the vaccines developed until the 1900s were the result of
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empirical work since very little was known about the immune system and how to
modulate its responses. The scenario however, had dramatically changed after the
development of technologies and advances in the field of immunology and
vaccinology” with an especial mention to the brilliant work of Metchnikoff,
considered the father of cellular immunology*. Nowadays, vaccines are developed
using the so called rational design that applies the lessons learnt about the immune
system and its relevant cells, thus contributing to the reduction in the role of

empiricism and supporting the development of safer and stronger vaccines.

With the exception of two vaccines including the Herpes Zoster vaccine, where T
lymphocytes have been shown to play an important role in immunogenicity=, all
the vaccines in use to date rely on activation of antigen-specific B cells that will in
turn produce neutralising antibodies. Humoral immunity alone however, may not
be enough to control diseases with a more complex life-cycle such as malaria. In
addition to that, other diseases caused by intracellular pathogens or pathogen-free
conditions, such as cancer may also not be restrained by vaccines that only induce
antibodies. For situations of this kind or for therapeutic vaccines, the consensus is
that it is necessary to develop vaccines that are also able to induce T lymphocytes

in addition to humoral responses.

B and T lymphocytes recognise antigens through interaction of the antigen binding
variable regions of the BCR or TCR (B cell receptor and T cell receptor,
respectively) with the antigen. B and T cells receptors share a common
evolutionary origin and had later diverged in structure and signalling cascades.
Nonetheless, TCRs and BCRs follow the same basic rules; the diversity in the

repertoire is produced through somatic recombination and the effector activity is
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achieved by activation and clonal expansion of the relevant clones. The major
differences between BCRs and TCRs is the threshold for activation, the means of
antigen recognition (native antigen versus processed by APCs, respectively), and
the number of distinct activation signals that each cell needs to undergo the genetic
and epigenetic reprogramming program to become effector cells. Such differences
in the activation threshold are deemed as one of the reasons why it remains a
challenge to properly activate and induce T cells as opposed to B cells based
therapies. Even with an incomplete understanding of their biology, scientists have

nonetheless been able to induce effective humoral responses with vaccines.

The capacity of B and T lymphocytes to respond to stimuli and the differences in
the activation and establishment of B and T cell responses in the context of

vaccines will be further explored in the following sections.

1.4.1 B cell biology — considerations for vaccine development

Vaccine-mediated induction of neutralising humoral responses have contributed
to the near eradication of pathogens and contributed to the reduction of threats
imposed by infectious diseases. B cell activating vaccines are usually prophylactic
and aim to produce antibodies against antigens that are expressed on the surface
of pathogens. Non-empirical approaches to develop B cell activating vaccines had
only become possible with the work of scientists such as Paul Ehrlich and Von
Behring who identified antibodies and contextualised the concept of the
complementarity of antigen and antibody interactions. Ehrlich had also identified
antibodies as the active compound in serum therapy~ laying the foundations of the
study of humoral responses and therapeutics. Nowadays, significantly more is

known about the biology of B cells and the process that leads to formation of
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memory B cells. However, several gaps still remains in how to translate such

finding into therapeutic solutions or prophylactic vaccines.

B lymphocytes are central to the humoral responses, being the precursor cell type
that, upon activation in a finely regulated process, gives rise to plasma cells (PCs),
the professional antibody secreting cells=. The first event in B cell activation is the
BCR mediated antigen recognition. The strength of this signal and the presence of
other activation cues will affect the fate of the cell and the quality of the humoral
response. Given that the antigen is able to overcome the activation threshold of
the cell, there is a mobilization of Ca* from the endoplasmic reticulum in the
intracellular compartment supported by a second wave of influx of extracellular
Ca». The aforementioned changes in the cationic balance of the cells leads to
phosphorylation and activation of signalling mediators, which in turn results in
the expression of several surface receptors, intracellular signalling molecules, and
mobilisation of transcriptional factors to the nucleus. The final stage of this process
is the commitment of the activated cells to the PC fate, producing and secreting

large amounts of antibodies in some cases for the entire life span of the individual.

There are two means of providing sufficient activation stimuli to B cells. The first
is dependent on the characteristics of the antigen and the second is through T
helper cells (T.). When the antigen alone is able to activate B cells without any
further help of T. cells, such antigens are called T cell independent (TI). On the
other hand, soluble antigens that do not sufficiently activate B cells, can induce
humoral responses if secondary signals such as PAMPs and danger associated
molecular patterns (DAMPs) accompanying the antigen for induction of Th cells,
leading to Th dependent response, such antigens are likewise called T.,dependent

(TD)~.
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Upon antigen recognition there are two main forces that govern the strength of the
interaction, BCR oligomerization and mechanical forces. The first being governed
by the number of BCRs crosslinked or oligomerised by the antigen, which largely
depends on the level of multimerization and repetitiveness of antigenic targets in
the surface of the antigen*. A consequence of that is that the more repetitive the
structure of the antigen, the more BCRs in the same cell will be cross-linked by the
antigen leading to a stronger signalling wave. The second signal is a result of
mechanical traction forces, that are governed by the B cell immunological synapses
with the antigen presenting cell or the antigen itself, meaning that antigens that
have higher stiffness will be better at stimulating B cell responses=. Following
activation, the BCR-antigen complex will be internalised, during this process,
antigens reach endosomal compartments where TLR7 and TLR9 residex. In the
case of pathogens such as viruses and bacteria, the internalisation will expose the
nucleic acid to those receptors. This will in turn initiate in parallel a signalling and
transcriptional reprograming that has been shown to impact the quality of the
humoral response through promotion of class switching of IgG to subtypes with
higher effector capacities and somatic hypermutation that promotes affinity

maturationz=.

The aforementioned considerations are of extreme importance for antigen design
in vaccines. By observing such characteristics, the amount of adjuvants employed
in the formulations can be reduced or even eliminated through the design of

antigens with an optimal structure for B cell activation and antibody production.
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1.4.1.1 B cell inducing vaccines - Challenges and unmet needs

Although the field of vaccines has consistently delivered solutions to many of the
major threats to public health, there are still several challenges remaining.
Considerable worldwide efforts by the scientific community are directed towards
the development of vaccines against malaria, HIV, dengue, TB, and influenza to
name a few. Such studies have greatly contributed to the understanding of the
aforementioned diseases. However, further work is still required to guarantee the

development of effective vaccines or therapies.

There are several possible explanations or reasons as to why the B cell-based
vaccines used to date have not worked for the aforementioned diseases: (i) first
due to the complexity of the pathogen, which may not be solely controlled by
antibodies; (ii) second due to the antigenic targets chosen, which may not always
be appropriate to confer protection and neutralisation; and (iii) finally the
possibility that the developed vaccines may be inducing inappropriate humoral
responses, either regarding the magnitude or the polarisation of the response. The
options to tackle such problems lies in improving the design of the vaccine,
including both the antigenic target and the vehicle or adjuvant used, or even

moving to other strategies, such as vaccines which induce T cells.

1.4.2 T cell biology — considerations for vaccine development

T lymphocytes are a potent effector cell type of the adaptive immune system that
is further subdivided in two subtypes based on the expression of the molecules

CD4 or CDS8, having a major role in controlling chronic infectious diseases and
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cancer. CD4+ and CD8+ lymphocytes exert effector function that include cytokine
production in response to activation, and in addition to that CD8+ T cells can
directly kill infected cells*. CD4+ T cells also modulate and provide help to B cells
responses and the development of CD8+ T cells®, hence the widespread interest in
developing immunotherapies capable of selectively modulating and inducing T

cell responses.

Owing to the potentially deleterious capacity of T cells for the host, it is not
surprising that there are several signals that need to be given to T cells in order to
activate the effector program, as this tightly regulated process avoids excessive
damage to the host and onset of auto-immune diseases”. The first layer of
protection against deleterious T cell response is the tiered activation program that
requires at least three signals: (i) MHC-restricted antigen and TCR interaction, (ii)
co-stimulation, (iii) and signal three cytokines®. The first signal can be either given
by APCs or virtually any cell type expressing MHC-I, the remaining two signals
are given exclusively by immune cells. In particular by activated DCs that create a
specific milieu of chemokines and other active molecules that will shape the T cell
responses®. The second protective layer is the low frequency of a given antigen-
specific T cell clone in the steady-state. A given T cell clone needs to undergo
activation and cell division that leads to an increase of several orders of magnitude
in the clone frequency”, which is not the case for B cells. In addition to that, the
identification of the inhibitory molecules PD-1 and CTLA4 have shown an
additional mechanism of T cell control, and T cell based immunotherapy had only
became a feasible endeavour following the development of the checkpoint
inhbitors. In parallel, these novel immunotherapies have helped in to revealing

important clues about the biology and the mechanisms to fine-tune CTL
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responses®. This complex and tiered activation program that needs to be in place
in order to activate T cells on one side guarantees a well-controlled cytotoxic
response, but on the other hand it makes the endeavour of developing T cell based

vaccines into a cumbersome process.

Considering that scientists in the vaccine field have been unable to induce long-
term T cell responses empirically, the study of the immune system and T cell
biology has become a topic of great interest to vaccinologists. For T cell vaccine
development, there are two manners of giving the activation signal 1 —i.e. antigen
presentation - to T cells. The first is through endogenous MHC-I restricted
presentation, which can be attained by the use of viral vectors expressing the
antigen of interest. The second strategy relies on targeted delivery of the vaccine
to APCs, such as DCs that are able to cross-present particulate exogenous antigens
to T cells; this is the case for non-replicative VLP-based vaccines. For the remaining
two activation signals necessary for T cell responses, appropriate activation of DCs

is required.

The first hurdle to be overcome in T cell activation is to promote sufficient
expansion of the antigen-specific T cell population. It is estimated that the
frequency of a given T cell clone is in the order of 200-2000 cells. Infections caused
by certain viruses such as the extreme case of LCMYV, brings the frequency of the
virus specific clones up to 50% of the total T cell pool». Although 50% frequency
may be a rather extreme case, it is estimated that a substantial frequency must be
attained in order to provide therapeutic value. An illustration of this is the CAR-T
cells therapy against leukaemia. The few successful procedures were found in

patients that had circulating frequencies of about 40% of the CAR-T cells post
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infusion, and a correlation of frequency of the T cells clone and protection was
proposed=. To date, there are very few adjuvants that are consistently able to
induce substantial T cell clonal expansion in different models. One strategy had
used a combination of TLR-ligand with CD40-ligand~ and a second used CpG, the
TLR9Y ligand; another one employs viral vectors*». However, these successful cases
were demonstrated in murine models, and had reduced effect in humans»+.
Nonetheless, (i) viral vectors and (ii) PRR ligands are currently considered the best
choice as adjuvant candidates for T cell-based immunotherapy and several studies
are employing one of the two systems in order to achieve efficient adaptive
immune responses=:. Moving forward with immunotherapy and learning more
about other inhibitory molecules can provide additional targets for modulating the

immune system and finally bring T cell based immunotherapy to the clinics.

1.4.2.1 T cell inducing vaccines - Challenges and unmet needs

Currently, there are several vaccines in pre-clinical or phase I studies aimed at
evoking T cells to establish protection and immunity. The most common disease
targets are different types of cancers, where the role for T cells in tumour
elimination is well established. Progress has been made with the combination of T
cell based vaccines and checkpoint inhibitors (trial: NCT01176474) or cytokines that
improve T cell activity such as IL-2 (trial: NCT00005949). For other diseases such as
HIV and malaria there is still a debate on whether a vaccine should aim to induce
T cell responses or not. In the HIV field, a promising T cell inducing vaccine
candidate, the MRKAJS5, a viral vectored based vaccine produced by Merck that
was shown to induce great immunogenicity profiles with CD8+ and CD4+ T cells
producing high levels of IFN-y and IL-2. However, it had to be withdrawn from a

phase IIb trial after showing no protection in comparison to the placebo group.
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The disappointing results of this trial shows that our correlates of efficacy for T cell
vaccines, at least against HIV, may need to be revisited and further studies may be
necessary in order to finally produce efficient subunit or vectored T cell inducing

vaccines®.

The need for T cell based therapeutic vaccines in addition to the traditional
prophylactic vaccines is well illustrated by malignancies induced by HPV. Whilst
there are currently three highly effective prophylactic vaccines against HPV
approved for humans since 2007, the prevalence of HPV-related cancers is high
worldwide and is predicted to remain so until a critical percentage of the
population is immunised against the virus®. More urgently however, there is a
large percentage of previously HPV infected people at risk of developing
malignancies, and for whom prophylactic vaccines had been shown to be
ineffective«. This is likely a limitation of the mechanism of protection of these three
vaccines relying mostly on the induction of neutralising antibodies, that are able
to prevent the initial infection but not to control the tumours associated to the
virus. The alternative is to develop therapeutic vaccines able to induce cell-
mediated control of the tumour. In HPV-related cancers, immunotherapy stands
as an attractive alternative considering that the transformed cells will
constitutively express some of the oncoprotein from the HPV at high levels«. An
example of that is the E7 protein from the HPV virus, marking such cells with a
clear antigenic target for T cell mediated killing. With respect to the above,
although there are already several prophylactic vaccines against HPV, clearly there
is still an unmet need for therapeutic alternatives against HPV that are able to
engage T cells. In addition to that, the development of a therapeutic vaccine against

HPV will strengthen the case for T cell-based vaccines in general. They represent
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an excellent model to study therapeutic vaccines, since HPV-associated tumours
express a virus-related antigen instead of the self-proteins expressed in tumours

that are not directly caused by oncoviruses.

In summary, the major challenges faced when developing T cell immunotherapies
are: (i) promote clonal expansion of T cells, (ii) activate T cells in the appropriate
polarisation and effector programme, (iii) find the right pre-clinical correlates of

the immune response to assess vaccine efficacy.

1.5 Overcoming challenges for T cell-based vaccines

Tumours and other pathogens have co-evolved to evade the immune responses
and thus have to produce several immune modulators that halt T cell mediated
protection. Although the pitfalls and challenges in the field may sound
discouraging, good news from current evidence has demonstrated that T cells can
be an effective immunotherapy against treatment-resistant cancers. Juxtaposed
with the failures of antibody-based vaccine candidates, this highlights the need for
a better understanding of the immune system and T cells in particular. In the
following sections, the methods and directions taken in the attempt to overcome

the challenges in the T-cell vaccine field will be discussed.

1.5.1 Viral vectored vaccines

Recombinant viral vectored (VV) vaccines are classified as a subunit vaccine and
are based on modified viruses that can promote transient infection and expression

of the antigenic target encoded and delivered by the vector”. The immunogenicity
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is a result of both the (i) expression of the foreign protein by the infected cells, that
can activate the adaptive immune system and the (ii) general inflammatory

responses elicited by the virus, mimicking a real viral infection®.

There are different classes of VV based on different viruses, Vaccinia and
adenoviruses being two of the most widely used vectors. VV had shown
encouraging results, especially for CTL responses upon heterologous prime-boost.
This immunisation scheme employs a prime with a DNA vaccine, such as MVA,
followed by a boost with a viral vector such as adeno-based vectors, resulting in
transgene-specific CD4+ and CD8+ T cell responses in different disease models

including HIV+ and hepatitis C virus (HCV)-.

Although VV do show enormous potential, the high level of modification that such
vectors undergo in order to be rendered safe are shown to impact the
immunogenicity of such particles+. In addition to that, viral vectors are not devoid
of other problems that need to be circumvented in order to facilitate the use of such
platforms. The major problems with vaccines of this kind are either related to the
logistics of vaccine production or to resultant efficacy. For the former, VV-based
vaccines require constant revision of immunogenicity and genetic stability of the
vaccines; and the production process is still inefficient, which can be a problem to
guarantee supply of a given vaccine, which directly impacts the price per unit of a
vaccine®. Regarding the efficacy, VV must be screened for pre-existing immunity,
which has been shown to reduce efficacy. In addition to that, the optimal dose
must be carefully assessed as viral vectors at high dose have been shown to induce
considerable side-effects. To date, vaccines that were licensed using such platforms
have not achieved satisfactory efficacy as for the case of the RTS,S Malaria vaccine

and further improvements are necessary*. Nonetheless, the development of viral
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vectored vaccines continues at a remarkably fast pace, and it is hoped that efforts
currently employed in this field will overcome the aforementioned difficulties,
allowing them to be translated in to highly efficient therapies and vaccines in the

future.

1.5.2 Dendritic cells and T cell-based vaccine development

As previously mentioned, selectively engaging the innate immune system is
important to achieve efficient immune responses through vaccination. DCs being
the main antigen presenting cell in the immune system and the bridge between the
innate and the adaptive responses have a central role in shaping immune
responses, raising interest for both prophylactic and therapeutic strategies for
disease control. DCs are a heterogeneous cluster of phagocytic cells descending
from an unique hematopoietic lineage that further differentiate into functionally
distinct subtypes classified according to the ontogeny, surface marker expression,
and transcription factors=. For the scope of this thesis, only the traditional
classification of DCs into conventional DCs (cDCs) and plasmocytic DCs (pDCs)
will be considered. Considering the functional classification, cDCs encompasses
DCs mostly dedicated to antigen presentation and priming of naive T cells relying
on their diverse mechanism of antigen uptake and presentation for T cells. pDCs
on the other hand, although still fully capable of antigen uptake and presentation,
are classified as a cell type specialised into producing type I IFN, thus having a

central role in shaping the immune response to control viral infections.

Depending on the activation programme DCs undergo and the immune mediators

produced, the adaptive response can be biased either towards tolerogenic or
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inflammatory effector responses by T cells*. This phenomenon is a consequence of
the manner DCs are activated prior to antigen presentation, which can be either
due to DC-intrinsic maturation programs or pathogen induced. The role of DCs
in the orchestration of the immune response is well established in the literature»==,
in addition to that, their importance becomes more prominent when studying T
cells. Mouse models lacking DCs have further established their essential role in the
initial activation of naive T cells, priming, and the recalling of memory responses-.
DCs are the only cell type capable of not only initiating the activation program of
T cells through antigen presentation of MHC-I and II restricted peptides to T cells,
but it is also able to provide the two additional activation signals. They accomplish
this by up-regulating co-stimulatory molecules that help to modulate the quality
of the activation programme of T cells. Also, DCs contribute to T cell maturation

and maintenance of that state in a paracrine and autocrine manner.

When aiming to develop T cell-based vaccines, it is expected that the relevant
antigen-specific T cell clone will expand, having been primed to have an effector
phenotype, and remain as a pool of memory T cells. DCs are important to cross-
present the antigen to the naive cells and more importantly, to provide additional
signals that will dictate the fate and reprograming of T cells*. Vaccines that fail to
activate the appropriate inflammatory reprograming of DCs, although antigen
presentation may still happen, the clonally expanded T cells may not exert the
protective effector response necessary for efficacy. Thus, it is reasonable to say that
based on the available evidences that in order to induce effector T cell responses

vaccines one should aim firstly to target and properly activate DCs.
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1.5.3 PRRs and vaccines

During the 20+ century, Alum was the only adjuvant licensed for human use and
still remains as an essential part of most of the vaccines developed thus far,
providing protection and near eradication of certain pathogens. Alum however,
has its limitations, for instance Alum is unable of inducing any measurable CTL
responses and mostly induces Th2-biased immune responses, propelling the
vaccine field to search for new adjuvants=. The identification and study of PRRs
started with the discovery of the Toll-like receptors (TLRs) in the early 90s based
on the work lead by Akira*, Janeway*, and Beutler> et al. This opened up an
enormous field that explored diverse themes, from how organisms develop, to
how cells interact and respond to their surroundings. The activation of both DCs
and T cells is largely controlled by the PRRs engaged by different stimuli® and
further studies on PRRs and the orchestration of immune responses led to the
acknowledgement of the major role of such sensors in re-programming of gene
expression, metabolism and overall biology of cells’. As a result, a growing
number of PRR ligands are being developed and studied aiming to provide tools
to modulate the immune system and the development of therapies and adjuvants.
In addition to TLRs which can recognise compounds such as nucleic acid and
lipoproteins, three additional classes of PRRs have been described including the
(i) retinoic acid-inducible gene I-like receptors (RLRs) that recognise intermediary
species of cytoplasmic RNA; the (ii) nucleotide oligomerization domain-like
receptors (NLRs, also known as LRR, NACHT, and PYD domain proteins)
recognizing molecules such as ATP, peptidoglycans, and toxins; and (iii) cytosolic
DNA sensors such as the cyclic-GMP-AMP synthase (cGAS) that recognises

dsDNAr==. As for TLRs, the aforementioned classes of PRRs are likewise being
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explored as therapeutic targets and have been producing encouraging results.
Table 1.2 summarises the receptors expressed by DCs and the agonists that have

been licensed or are in advanced pre-clinical studies.

Through the engagement of PRRs by their cognate ligands, DCs undergo
stereotypical responses and physiological adaptations that include profound
changes in the metabolism of those cells. The genetic and metabolic reprograming
of activated cells will support the production of immune mediators such as
chemokines, that will orchestrate and amplify the immune response-. Selective
engagement of PRRs has shown an enormous potential in modulating the immune

response to specific ends and fine tuning the immune system=-.

As previously discussed in section 1.2, subunit vaccines often require adjuvants.
Proteins alone, even of foreign or “non-self” origin are often non-immunogenic;
this is a result of the several mechanisms in place, selected to avoid excessive and
deleterious auto-immune responses. However, if administered with PAMPs or
perhaps danger signals, as postulated by Polly Matzinger with the danger models,
even short peptides can be rendered immunogenic. Both PAMPs and DAMPs are
recognised by PRRs expressed in virtually every cell type but specially in DCs, that
are not only able to sense but also to respond to such signals. These two models
explain the growing interest within the vaccine field in understanding the biology
of those receptors and how their modulation could be exploited for vaccine

development.
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Table 1.2: PRR ligands as vaccine adjuvants

. . Immune .
Receptor Adjuvant Class of compound Vaccines: Natural Ligand
responses
CGAS dI-CI(‘:|IC DNA Nucleic acild Th1, CD4+ dsDNA
Chitosan Polyssacharide CD8+ T cells
Thi CD4+ T Microbial cell
TLR2/6 Pam2CSK4  synthetic diacylated lipopeptide ’ceIIs wall
components
Poly-(I:C d Ab, Thl RNA
TLR3, RLRs © y.( ) an synthetic dsRNA ! ! PR !
derivatives CD8+ T cells dsRNA
Li taining TLR4
ASO1* Iposome con‘ S Mosquirix (Malaria) Ab, Thl
agonists
Li taining TLR4
ASO2 iposome conA aining Ab, Thi
agonists
TLRA ASO4* Liposome con'taining TLR4 Fendrix (HBV), Cervarix Ab, Thi LPS
agonists (HPV)
Lipid A* 7-acyl lipid A (LPS analog) Ab, Thl
Monophosphoryl lipid A (LPS
MPLA* pnospnont ip ( Pollinex Quattro (Allergy)  Ab, Thl
analog)
RC529* Supervax (RBV) Ab, Thl
TLRS Flagellin Flagellar protein Ab, Th1+Th2 Flagelin
- Ab, Thi,
TLR7 Imiquimode* RNA ssRNA
CD8&+ T cells
. - Ab, Thi,
CpG ODN synthetic DNA rich in Cand G
CD8+ T cells
TLR9 QbG10 VLP containing A type CpG Ab, Thl CpG rich DNA
Ic31 antibacterial peptide and Ab, Thi,
synthetic ODN CD8+ T cells

Pattern recognition receptors and ligands harnessed for immunomodulation in vaccines.
Adjuvants followed by (*) had been licensed for clinical use. HBV: Hepatitis B Virus, HPV:

Human Papilloma virus. 1 Licensed vaccines.

LPS-based adjuvants

Currently, there are several PRR ligands in use both in advanced pre-clinical stage
and some already licensed for human use (table 1.2). The most common type are
adjuvants based on the bacterial lipopolysaccharide (LPS) sensed by TLR4.
Adjuvants based on LPS retain TLR4 agonistic capabilities with reduced pyrogenic
side-effects common to the native form of LPS. Two highly effective vaccines in

use today, HBV and HPV include MPLA, an adjuvant derived from LPS, into their
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formulations showing good efficacy and tolerability in vaccines that induce
protective antibody responses+. Of note however, the LPS-based adjuvants have

limited capacity to induce CD8+ T cell responses.

RNA-based adjuvants

Research on viral infections has contributed to the recognition of both dsRNA and
ssRNA as potent immune-stimulators. Soon after, synthetic analogues of RNA,
such as Poly IC and Poly ICU were developed and employed as adjuvants for
vaccines and revealed an excellent approach to induce potent adaptive immunity-.
dsRNA is recognised by TLR3 and MDADS receptors; Such receptors are similarly
the target of the synthetic RNA analogues. ssRNA on the other hand, is recognised
by endosomal TLR7 and 8 and it is more labile to degradation by temperature
and /or the almost ubiquitous RN Ase enzyme in comparison to dsSRNA. Therefore,
in an attempt to improve the pharmacokinetics of compounds of this kind the RNA
is commonly associated with carriers such as liposome, viral vectors, and VLPs
that naturally pack nucleic acids. Adjuvants targeting either TLR3, TLR7/8, or
MDADJ5 produce distinct outcomes in terms of protection and immune responses,
however the efficacy of such compounds are often measured in terms of in vitro
production of IL-12 and type I IFN secretion by DCs®. Such observations suggests
that future studies needs to go beyond the measurements of type I IFNs and IL-12
in order to understand the differences in outcome of the responses orchestrated
by such ligands and their cognate receptors. Another TLR7 ligand in use as an
adjuvant is the molecule R837 (Imiquimode). The addition of Imiquimode to
vaccine formulation has been reported to improve cellular responses against
viruses and tumours and stands as an attractive choice for adjuvants of CD8+ T

cell responses”. In general, RNA-based adjuvants have been shown to improve
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overall immunogenicity, albeit not to the same extent, especially by promoting
Thl-skewed responses and improving the quality and magnitude of humoral

responses®=.

CpG-rich DNA based adjuvants

CpG rich ODNSs (synthetic oligodeoxynucleotides containing unmethylated CpG)
are the main TLRY ligand and have consistently shown encouraging results as
adjuvants in vaccines against a range of diseases. Moreover, CpGs are deemed to
be one of the more promising candidates for CTL induction and immune
modulation considering their ability of (i) to activate a range of immune cells such
as NK cells, DCs, B cells and macrophages, (ii) to activate type I IFN responses,
and (iii) in controlling the Th1/Th2 balance®. There are three main classes of CpG
are named A (or D), B (or K), and C. The classification is based on the biological
effect, length, and structure of the sequences (figure 1.3). Although CpGs belonging
to different classes signals through the same receptor (i.g. TLR9), the activation
program of the cells exposed to CpG is highly distinct and so is the therapeutic
outcomes induced by each CpG type . In addition to distinct outcomes of immune
responses raised by different types of CpG, the TLR9 recognition and activation is

sequence dependent and is different across species”.

Type A CpGs are CpG-containing ODN sequences connected by phosphodiester
bonds and includes a palindromic motif with a poly-G string at their 3" end
comprising of phosphorothioate bonds. CpGs of this class lead to strong type I IFN
responses from pDCs with reduced activation of NF-kB-dependent pathways and
reduced production of pro-inflammatory cytokinesr. One example of clinical use

of A type CpGs was demonstrated in a treatment against allergies employing a A
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type CpG named G10 associated to a VLP, named CYTO003-QbG10. This
formulation when administered either in absence or concomitantly to the allergen
displayed encouraging results against certain types of severe allergy such as
allergic rhino conjunctivitis in a phase IIb clinical study”. The proposed
mechanism of action is a strong Th1 polarisation in opposition to the Th2-skewed
allergic response and regulatory T cells, thus ameliorating the symptoms even in
the absence of the allergen. Type B CpG on the other hand, is a poorer inducer of
type I IFN production by pDCs but it is one of the best adjuvants in inducing CTL
responses in pre-clinical studies. B type CpG are shown to induce strong antigen-
specific clonal expansion of multifunctional CD8+ T cells that produce key
cytokines such as IFN-y and TNF-a. In terms of structure, B type CpGs are usually
shorter in length, containing only phosphorothioate bonds and do not form
secondary structure as opposed to type A (figure 1.3)~. Based on the discrepancies
of A and B type CpG, a different class of CpG-rich ODN was developed called C
type. C type CpGs were designed as a hybrid of the structure of A and B types,
containing a phosphodiester backbone (as A type) and the palindromic motif
containing CpGs. C type CpGs are able to induce IFN-a production by pDCs in
similar levels compared to A type and are also good B cell stimulators similarly to

the B type.

In addition to the therapeutic applications, CpGs of different class can also provide
important clues on TLR signalling and type I IFN responses. An example of that
was elegantly demonstrated by Honda et al that elucidated the differential IRF7
signalling and endosomal trafficking on pDCs and cDCs that leads to the distinct
capacities of each subtype to produce IFN-a in response to certain PRR

stimulation”. Those findings were a result of the investigation of the distinct
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endosomal trafficking and signalling of different CpG type A and B that lead to a
better understanding of TLR signalling machinery and methods to modulate the

response raised by each CpG-.

CpG ODN Classes

A-Class 00@6@0 @
10EeeeYVee0

B-Class  5(t) ® 0,0,0,0,0,0 0,0,0,0,0,0 0,03

CClass 5<% ® OO (9)
3 ©
(") Phosphorothioate link, () Phosphodiester link, ® @ CGdinucleotide
Source: https://www.invivogen.com/cpg-odns-classes

Figure 1.3 — CpG ODN classes

Primary and secondary structural differences of CoG ODN class A, B and C. Adapted from:

Invivogen (https://www.invivogen.com/cpg-odns-classes accessed on July 14th 2018).

Agonists of cytosolic nucleic acid receptors

In the recent years, agonists of the cGAS/STING pathway have also been
employed as adjuvants against viral diseases such as influenza and cancer models.
The major cGAS agonist is dsDNA, that upon binding to cGAS promotes
conformational changes that activates the enzymatic activity of the molecule
resulting in the production of cyclic-GMP-AMP (cGAMP), a cyclic dinucleotide
(CDNs) second messenger. Such CDNs are secondary signalling molecules

present in bacteria and mammalian cells that trigger a type I IFN response. Pre-
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clinical studies employing CDN5s as adjuvants in a vaccine against tuberculosis had
shown a Th1 and Th17-biased response with protection similar to the attenuated
bacillus'. Another adjuvant that activates cGAS/STING pathway is Chitosan, a
polysaccharide that has been widely used as an adjuvant. Chitosan was recently
shown to exert its immune enhancing activity through mitochondrial stress and
activation of the cGAS/STING pathways leading to strong CD4+ T cell responses
and improved humoral responses in different disease models*. These
encouraging results are fuelling further research on this novel class of adjuvants
targeting the cytosolic sensors and increase the breadth of applications of such

compounds.

In general, PRR ligands included as adjuvants have consistently been shown to
render vaccines more immunogenic and improve protection. Moreover, many
PRR ligands have the advantage of being derived from naturally occurring
compounds, such as nucleic acids or prokaryotic proteins, which makes the
process of development and production easier compared to the development of
new chemical compounds, for instance. Thus, PRR ligands currently stand as

attractive alternative for the development of new therapies.

1.5.4 Vaccines in the “omics” era

Finding the appropriate immune markers that correlate with the efficacy of a
vaccine or treatment during the pre-clinical phase of development is not a straight
forward process. Several vaccine candidates with excellent immune responses in
the pre-clinical stage resulted in disappointing efficacy and protection after
moving to clinical phases. With the dawning of transcriptomic techniques and

other systems biology approaches several publications emerged on the topic of
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investigating early predictive signatures that would correlate with protection and
efficacy of the vaccine. The transcriptional profile of peripheral blood mononuclear
cells (PBMCs) of immunised subjects in the early time-points post yellow fever YF-
17D immunisations revealed an early gene transcriptional signature in DCs
associated with the later protective immune response of the highly efficacious
yellow fever vaccine*. The same approach had been used to compare the
transcriptional reprogramming that DCs undergo prior to induce T cell clonal
expansion and effector activity in response to several popular recombinant vaccine
platforms. The aforementioned study lead by Dérian et al had revealed a set of
genes named by the authors Sig1 that were differently regulated and are correlated
to the development of different types of CTL responses=. Studies of this kind are
extremely useful for two reasons, firstly, the provide reliable tools to the
cumbersome and expensive endeavour of evaluating efficacy of vaccines.
Secondly, such studies provide insights and useful lessons regarding the immune
system, not only offering information on how this complex system functions but
also elucidating genes and pathways that can be targeted by therapeutic

modulators in a plethora of pathologies, from infectious to auto-immune diseases.

As previously discussed, B cell based vaccines have historically been developed
even in times when only less sophisticated techniques were available; T cell
vaccines on the other hand had shown slower progress. Validating and
understanding the impact of genes and pathways differently regulated in DCs and
T cells will support the vaccine field and allow this promising type of vaccines to

finally reach the clinics.
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1.6 Virus-like Particles and the future of vaccine development

Virus-like particles, as the name suggests are supra-molecular particles derived
from the capsid or sometimes envelope of real viruses, which retains most of virus-
associated characteristic such as structure and size. VLPs were first described
following the observation of viral particles devoid of infectious material that
naturally occur in certain viral infections. A notable case is hepatitis B virus (HBV),
where non-infectious particles were purified from the fluids of infected
individuals among infectious viral particles . The purified particles were used to
immunise healthy subjects against the HBV virus, at the time being then the first
case of immunisations employing VLPs. Later, the HBV VLPs were produced in
vitro by recombinant expression of the hepatitis B surface antigen (HBsAg), which
had rendered the vaccines safer and made the production scalable to larger

commercial scale manufacture.

1st publicaiion HPV vaccine: Cervarix Malaria vaccine
about VLP |_ and Gardasil RTS,S
2011 2015
* .
Source: Pubmed (NIH) |_ 15t VLP based vaccine licensed L Hepatitis E vaccine
for humans Hepatitis B virus (licensed in China)
(HBV)

Figure 1.4 - VLP and viral vectored based vaccines licensed for humans.

The successful HBV vaccine laid the foundations of VLP-based vaccines. Since
then, two vaccines against two different sets of serotypes of HPV*, one against the
Hepatites E virus (HBE)” and a HBsAg based vaccine against malaria® had also

been approved for clinical use (figure 1.4).
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One characteristic in common between the VLP-based vaccines developed against
HBV, HPV, and HBE is that the VLPs were derived from the homologous virus
that are the etiological agent of the disease. This approach has the benefit of
preserving all the antigenic characteristics of the original virus with the exception
of their infectious capacity. However, this strategy limits the development of VLP-
based vaccines to not only viral diseases, but also only to viruses from which stable
VLPs can be derived from. An additional caveat to developing VLPs from several
individual viruses is that the process of producing a new and stable VLP, that is
also economically viable, requires production that adheres with good
manufacturing practice (GMP) settings. A rather time-consuming, technically
demanding and cumbersome exercise that would need to be repeated for each
virus VLP. An attractive alternative would be to produce a single well
characterised VLP platform that can be used for different diseases*. This latter
approach has been widely employed in the past decades and proven highly
efficacious. Yielding several vaccine candidates to different types of disease,
ranging from the traditional prophylactic vaccines targeting infectious agents to
vaccines against non-infectious diseases such as hypertension® and nicotine

addiction>.

The high immunogenicity of VLPs is correlated to the retention of the viral
fingerprint that is widely recognised as a PAMP and pathogen associated
structural pattern (PASP) by the immune system. The rationale behind producing
a VLP presenting heterologous antigens is to associate the otherwise non-

immunogenic antigens to this platform, effectively extending the viral fingerprint
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of the VLP to the antigen of interest. The immunogenicity of VLPs will be further

discussed below in the following sections.

1.6.1 Viral fingerprint

Vertebrates co-evolved with a plethora of pathogens such as viruses and bacteria
and a great part of the biology of vertebrates is a direct result of this close
relationship. The innate immune system is no exception” being well equipped to
identify and respond against pathogens. Doing so by recognizing patterns that are
associated with viruses and prokaryotic pathogens, the so called PAMPs and
DAMPse. The co-evolution of immune system and pathogens becomes blatantly
evident on the theory of clonal selection postulated by Burnet in the 1950s as a
result of his work with influenza and antigenic shift and drift. With an
evolutionary perspective in mind, the high immunogenicity of VLPs can be
summarized in the three following characteristics: 1) size, 2) geometry, and 3)
presence of packed nucleic acids, characteristics that most VLPs retain, with the
main difference being the that VLPs are replication incompetent. The viral
fingerprint will be discussed in the following sections within the scope of vaccine

development.

Size — The size of particles is now recognised as a PASP for two reasons: The first
reason is due to the apparent absence of host proteins that fall within the same size
range of viruses, and second as a consequence of the draining properties of
particles within the lymphatic system, that due to the fenestrated nature and size
of vessels favours the cell-free drainage of particles smaller than 200nm-.

Interestingly, it is recognised that there are three categories of size that impact the
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immunogenicity of an antigen. The first category is for proteins smaller than 10nm.
Virtually all the vertebrates host protein in the extracellular space are
encompassed within this size range, moreover as previously discussed, proteins
smaller than 10nm are seldom immunogenic when administered without the
addition of immunogenic signal. The second class includes particles within 20-200
nm, particles within this size range are virtually absent in the extracellular space
of vertebrates and this size range is characteristic of most viruses, hence the
pathogen-associated pattern. Particles smaller than 200 nm, can freely drain to the
subcapsular region of lymph nodes from the periphery, where several immune
cells reside and initiate the immune response by reaching the B-cell follicles~. The
third category encompasses particles larger than 200 nm, which are unable to enter
the pores of the lymphatic vessels and can only reach lymph nodes if associated
and processed by an APC=. This concept has been empirically demonstrated in an
elegant paper showing that lymph node resident dendritic cells preferentially
uptake particles that fall within the second category and are more efficient at
reaching lymph nodes, which was correlated to higher immunogenicity:. This is a
very important consideration for the vaccine development field specially at an age

of subunit vaccines where it is necessary to improve immunogenicity-.

Geometry — The consequence of viruses having a small genome is that they are
limited to encode very few structural proteins to form the capsid. The capsid shell
is commonly formed by one or two monomeric protein subunits repeated
symmetrically and arranged in a quasi-equivalent conformation in either rod-like
or spherical structures”. Rod-like capsids have a helical symmetry and the number
of monomers varies according to the genome length packed into the particle.

Icosahedral capsids on the other hand form polyhedrons with at least 60
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monomers or multiples of 60, depending of the length of the genome. As a result
of the polyhedron symmetry, spherical capsids are classified according to the
triangulation (T) — or multiples - of the 60 monomeric subunits forming the capsid,
as proposed by Caspar and Kull*. The great majority of icosahedral capsids follows
the T3» symmetry, although sheets, tubes and multi-layered shells can also be
formed in vitro depending of the conditions of the solution where such viruses are
assembled~. A consequence of that is that spherical capsids only pack a fixed
amount of nucleic acid due to the constraints of the capsid. The multimeric nature
of the structure and geometry of viruses and VLPs results in a stiff, highly
repetitive surface with geometrically organised antigenic arrays as schematically

represented in figure 1.5”.

Figure 1.5 - Nanoparticles repetitive structure.

(A) Liposome: schematic representation of a phospholipidic liposome; (B) VLP derived from
HPV virus, PDBID: 1DZL; (C) Viral vector: schematic representation of viral adenovirus.; (D)
Self-assembled proteins: X-ray structure of ferritin PDBID: 2X17. Protein Data Bank
Identification (PDBID). Adapted from: Harnessing Nanoparticles for Immunomodulation and Vaccines,

Gomes et al*.

Multi-protein structures with a repetitive conformation such as viruses are almost

absent in vertebrates, in particular in the extracellular space and under non-
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pathological conditions in contrast to other domains of life where they are
common. These geometrically organised structures are categorised as a PASP and
it plays an important role in triggering immune responses:. Repetitive structures
are more likely to have deposition of components of the fluid-phase innate
immune such as pentraxins, natural antibodies, and fixation and activation of
components of the complement system. Triggering the cascade of the complement
facilitates the opsonization of antigens for several immune cells such as
macrophages and DCs, reduces the BCR activation threshold through the co-
stimulatory role of C3 degradation products engaging CD21 on B cells, and
promotes antigen trapping in the germinal centre via CD35. Those elements
contribute to the generation of memory B cells and long-lived plasma cells (PCs)
and the overall immune response*. In addition to that, the multimeric antigenic
surface of VLPs itself promotes the crosslinking and simultaneous activation of the
BCR, which promotes the activation of B cells. In summary, several components of
the immune system have evolved to recognise and trigger an immune response
against agents with repetitive structure and this can be harnesses to render sub-
unit antigens into highly immunogenic just by mimicking the repetitive surface of

viruses.

Nucleic acids — In order to guarantee success of infection and spread of their
genome, the tertiary structure of viruses’ capsid is selected to assemble around and
pack their own genome based on protein-RNA/DNA interaction that usually
favour packing their own genome over other nucleic acid”. Nucleic acids are
polyelectrolyte sequences that have negative net charge and fold into secondary
structure depending of their length and charge. The charge and conformation of

the polyanionic sequences facilitates the capsid assembly process by contributing
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to the thermodynamic forces and stabilising protein-protein interactions. An
interesting consequence of that is that the re-assembly process of VLPs can be
performed in vitro and the type of nucleic acid packaged can be selected in order

to engage different PRRs.

The inherent capacity of VLPs to assemble around nucleic acids contributes to the
immunogenicity of such particles as immune cells are multiply equipped to detect
foreign nucleic acids. Using VLPs packing nucleic acid such as RNA and CpG also
improves the pharmacokinetics of such compounds as VLPs are readily
phagocyted by immune cells and delivered to their endosomal compartment of
cells. The endosomal compartment of cells is precisely where some of the relevant
receptors for nucleic acids are located, as for TLRs. A consequence of this targeted
delivery is a reduction on the dose necessary to achieve activation and a reduction
of side-effects as VLPs are phagocyted only by immune cells such as DCs,

macrophages, and B cells.

A remarkable advantage of packing nucleic acid into nanoparticles, in addition to
the immune modulation is to improve the economic viability of the vaccine. The
case of CpG illustrates this advantage very clearly. CpG has been widely used in
pre-clinical studies as a vaccine adjuvant and more than 600 clinical trials up to
now and has recently obtained regulatory approval for clinical testing of CpGs.
The suggested dose in the phase I-II clinical trial of the compound D35, for instance
is 20mg/Kg®, which could make treatment unfeasible from an economic
perspective. As a mean of comparison, the QB VLP for instance, packs 120nM of
CpG per mg protein®, considering that the average dose of VLPs used for humans

in clinical trials was of 1 mg of VLP in the MelQbG10 trial", the per dose amount
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of CpG is reduced to less than 1ug/dose as opposed to 120mg/dose considering
an adult of 60Kg. This argument alone represents a compelling reason to include
packaged versions of the CpG as comparison in pre-clinical and clinical studies as

a default.

1.6.2 Q B VLP and vaccine development

As previously discussed, heterologous antigens may have its immunogenicity
greatly increased if associated to a VLP. This is a rather important finding for two
reasons. First, it eliminates the need of developing a VLP from each virus to whom
a vaccine is being developed against. Second, it allows the development of
vaccines against diseases or pathogens that are not caused by viruses. To take
advantage of that, it is desired to have a robust, stable and well characterised
model VLP. Several VLPs have been developed throughout the years with this
purpose, examples of that are AP205, Qp= and MS2~ derived from a E. coli
bacteriophages, and the Hepatitis B core antigen (HBcAg)®, the most widely

studied VLP to date.

An optimal model VLP is highly immunogenic, should be produced in high yields,
easy to purify with high purity, is stable and does not require special storage
conditions. In addition to that, such VLP would preferably be free to operate. A
good example of a VLP that has all of such characteristics is the QB VLP. Qp VLP
was first cloned and described in 1993 by Pumpens et al. QB is a E. coli RNA phage
that had been extensively employed in different vaccine formulations in the past
assisting in pre-clinical development of several vaccines against viral diseases™,

nicotine addiction”, melanomav, and allergy” to name a few.
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As most of RNA phages, 180 copies of the capsid monomer are organised in quasi-
equivalent conformation forming an icosahedral structure that assembles around
RNA-~. The packed RNA interacts with arginine-rich repeats through electrostatic
forces and orients particle assembly>. The nucleic acid is essential for assembly of
the VLP, however once the VLP is correctly assembled the nucleic acid can be
removed by different methods for RNA degradation without affecting the stability
of the particles”. Moreover, the empty QP capsid can be re-packed or re-assembled
with different types of nucleic acids, such as CpGs®. The superior stability of Qf as
a VLP and the several well characterised methods for manipulating the particle
resulted in a versatile platform that can be modified and adjusted according to the

needs of a given vaccine under development.
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1.7 Preface

As pointed out by Stanley and Susan Plotkin in a very concise and elegant review
about the development of vaccines published in 2011, every vaccine developed
after the M. bovis bacille Calmette-Guérin vaccine, was developed firstly relying
on theoretical and immunological hypothesis. They claim that by applying the
lessons learnt in immunology and the new techniques in system biology will lead
scientists to have better decision-making algorithms in place reducing the time and
cost necessary to bring a vaccine from the lab bench to the clinics. More theoretical
knowledge in the adjuvant field will allow scientists to choose and develop
adjuvants based on an understanding of the mechanism and the optimal
circumstances in which each adjuvant should be used. Moreover, it is paramount
to increase our knowledge and options of adjuvants able to engage T cells
considering the great potential for immunotherapy that such cells represent. The
questions addressed on this thesis is a response to the aforementioned unmet
needs in the vaccine field, aiming to offer valuable insights in the interactions of
vaccines and the immune system and how this knowledge can be directly
translated to the development of safer and more immunogenic vaccines. The

specific aims of each chapter will be specified on each chapter.
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Chapter II: VLPs as a platform for T cell based vaccine — Implications

of size and mechanism of antigen presentation for vaccine design

2.1 Introduction

Since the discovery of the first virus-like particle (VLP) derived from hepatitis B
virus (HBV) in 1970, the field of VLP-based vaccines has expanded from
autologous virus-targeting vaccines — i.e. HBV vaccines and the recent HPV
Gardasil and Cervarix « - to powerful vaccine platforms that can be used to present
heterologous and even self-antigens, in addition to applications as delivery

systems for controlled release of additional adjuvants (reviewed ).

The rationale for vaccine development had traditionally relied on prophylactic
vaccines, however the concept of educating the immune system to target and
control diseases have also be expanded to therapies against established diseases.
HPYV is the main cause of cervical cancer worldwide and since 2007+, prophylactic
vaccines had been licensed and are currently being used across the world.
However, to those previously exposed to the virus, the prophylactic vaccine has
been shown inefficient. HPV-related tumours express certain HPV proteins at high
levels, that contrary to non-virus related cancers, expressing an easy foreign
antigenic target, rendering HPV-related tumours a perfect target for therapeutic

vaccines.

The development of VLPs presenting heterologous antigens usually involves the

selection of a suitable VLP and the antigen of choice that should be physically
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associated to the particle either by genetic fusion of biochemical crosslinking. The
genetic conjugation of VLP and antigen offers two main benefits: 1) To guarantee
uniform decoration of the particle with the antigen and 2) reduce the number of
steps in manufacturing the VLP, which renders the process cheaper and faster.
However, the addition of a heterologous antigen may disrupt the tertiary structure
of the VLP, alter the biophysical properties of the particle or even fail to expose the
antigen on the surface, restricting the possibilities of vaccine formulation to
antigens that do not interfere with the assembly of the VLP. Biochemical
conjugation is often the choice for antigens that disrupt the VLP or whenever the
goal is to develop vaccines for fast response as in the case of epidemics. However,
the additional manufacturing step and the resulting efficiency of conjugation can
vary greatly between batches, which could be a major problem for GMP
production and commercialisation. Therefore, to provide alternatives and
understand the requirements for appropriate induction of the immune response
against heterologous antigens displayed on VLPs is of major importance in the

field of vaccines.

It is considered common sense that physical association of adjuvants and VLPs
displaying heterologous antigen ensures simultaneous delivery of all vaccine
components to the same antigen-presenting cells (APCs). Concomitant delivery of
antigen and adjuvant promotes cellular activation and potent antigen-specific
immune responses, which it is expected to result in production of antibodies and
T cell activation®. However, when considering the differential modes of antigen
acquisition of different APCs, for instance DCs and B cells, physical conjugation
may not be necessarily required to achieve the same level of activation. DCs are

considered the major APC due to its remarkable capacity of antigen uptake
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throughout the body via unspecific micropinocytosis, receptor mediated
endocytosis and phagocytosis™. This diverse uptake machinery enables DCs to
uptake virtually any type of antigen. B cells on the other hand, acquired antigens
via receptor-mediated endocytosis, the consequence of that is that B cells are
limited to the uptake of antigens that are recognised by their cognate BCR". This
is an essential feature of humoral responses that depend on Th cells, as the
receptor-mediated interaction restricts B cells to only respond to Th cells that

recognize the same antigen.

In a scenario where antigen and VLP are physically associated, DCs via non-
specific endocytosis will process and present the antigen displayed on VLPs whilst
receiving costimulatory signals by the VLP-incorporated adjuvant®. Similarly,
antigen-specific B cells recognizing the antigen via BCR will also be exposed to
VLPs linked to the antigen. On the other hand, in formulations of vaccines where
antigens are not physically associated with the VLP, both components should be
equally taken up by DCs, but not by B cells that will either uptake the antigen, the
VLP or nothing, depending of the specificity of the BCR. Recent literature has
shown this empirically by demonstrating that the adjuvant CpG linked to an
antigen enhances B cell responses promoting isotype switching and affinity
maturation by activating B cells directly through TLR9 recognition™, which
required simultaneous internalization of antigen and CpG~. By contrast, CpGs
mixed with antigen primarily enhance B cell responses by facilitating Th cell
activation, thereby increasing antibody responses indirectly™. In summary, it
seems important that the immunological target cells - DCs or B cells - are
simultaneously activated by the adjuvant and exposed to the antigens, however

the means to achieve this end may be different for the DCs and B cells.
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Here, we demonstrate in mice that physical association of particulate antigen and
VLPs loaded with the adjuvant B type CpG 1668 is critical for B but not T cell
responses. As a model system, we used the E7 protein from human papilloma
virus (HPV), which spontaneously forms oligomers with molecular weight
ranging from 158 kDa to 10 MDa and an average size of 50 nm™. E7 oligomers were
either chemically linked or simply mixed with VLPs loaded with DNA rich in non-
methylated CG motifs (CpGs), a ligand for toll-like receptor 9. E7-specific IgG
responses were strongly enhanced if the antigen was linked to the VLPs. In
contrast, both CD4- and CD8- T cell responses as well as T cell-mediated protection
against tumour growth were comparable for linked and mixed antigen
formulations. Here, we demonstrated that a VLP-based vaccine containing CpG
protects against morbidity and mortality related to tumour growth. In addition to
that, our data shows that B cell but not T cell responses require antigen-linkage to
the carrier and adjuvant for optimal vaccination outcome, elucidating another
characteristic of the immune system that can be directly translated and applied to

the development of immunotherapies.

2.2 Experimental Approach and Research Questions

2.2.1 Experimental Approach

This chapter aims to explore the differential modules of interaction of VLPs and
the main immune cells following therapeutic immunisation in a tumour model.

Draining properties of VLPs and interaction with DCs is characterised. Tumour
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protection mediated by immunisation is assessed. T and B cell response against

VLP and antigen of different sizes is measured.

2.2.2 Research Questions

1. Can a heterologous VLP presenting an HPV-derived antigen confer
protection and tumour control as a therapeutic vaccine?

2. How does antigen size impacts the immune response of B and T
lymphocytes against a tumour antigen presented in a VLP-based vaccine?

3. Islinkage of antigen and VLP necessary for improved immunogenicity even

when antigen and VLP have the same size?

2.3 Materials & Methods

A complete list of materials and reagents, suppliers and catalogue codes utilised
in this thesis can be found in the supplementary materials (Table S.3 to S.7).
Experiments were designed, performed, and analysed by the writer of this thesis
unless stated otherwise. In the case of experiments performed by collaborators, the
name of the author is indicated alongside the data, but design and analysis of every

experiment were performed by the writer of this thesis.

2.3.1 VLP and E7 Production

The 98 amino acids oncoprotein HPV-E7 containing a short C-terminal GGC linker
was expressed in Escherichia coli, solubilized from the inclusion body fraction by
8M urea and purified using affinity and size-exclusion chromatography. The

denatured protein migrated as a 14-kDa single band in reducing SDS-PAGE (data
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not shown). Following refolding by dilution and dialysis against NaCl-MES-
containing buffer, E7 protein spontaneously formed oligomers. E7 protein was

cloned and purified by Ana Flace.

Qp Plasmids were transformed into E. coli JM109. A seed culture was prepared by
inoculating a single colony into LB medium containing Ampicillin and growing
the static culture overnight at 37°C. For expression, the overnight culture was
diluted in M9 medium supplemented with casamino acids (Fisher Tech), glucose,
MgCl, Vitamin B, and Ampicillin followed by incubation at 37°C with vigorous
aeration for 14-20 hours. Cells were re-suspended in NaP buffer (20 NaHPO, 150
mM NaCl, pH 7.2) containing 1 mg/ml lysozyme, 0.1% Triton X-100, 125U of
Benzonase per grams of cell, and lysed by three freeze thaw cycles followed by
ultrasonication. Clarified lysates were purified by anion exchange with Fractogel®
EMD TMAE (S) (Merck), equilibrated with NaP buffer, protein was eluted with a
gradient of NaP/NaCl buffer (20mM Na HPO, 1M NaCl, pH 7.2). The VLP-
containing fractions were further purified by size exclusion chromatography using
the Sephacryl S500 column (GE healthcare) equilibrated with PBS. The absorbance
was monitored at 214 nm, 260 nm and, 280 nm and the selected fractions were
analysed by SDS-PAGE followed by Coomassie staining and agarose gel stained

with SYBR safe and Coomassie.

2.3.2 CpG ODN and Antigen Sequence

CpGs 1668 with phosphorothioate backbone were purchased from Invivogen

(sequence: 5' tccatgacgttectgatget 3'). The protein and peptides E7...,
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were produced in a modified version with additional 3 aa (GGC) added to the C
terminus (Proimmune) to allow coupling to VLPs. E7 protein sequence UniProt

database: P03129. E7..,peptide sequence: RAHYNIVTFGGC.

2.3.3 Measurement of Anti-E7 and Anti-VLP total IgGs

Antigen-specific total IgG were measured by ELISA. 96-well plates were coated
overnight with 5 ug/mL of unmodified VLP or 5 pug/mL of E7 oligomers. Plates
were blocked for 2 h with 2% bovine serum albumin phosphate-buffered saline
(PBS), serum obtained from vaccinated or control mice (12 dilutions starting at
1:100 to 1:12,500) was added and plates were incubated for 2 h at room
temperature. Total IgGs was detected by horseradish peroxidase-labelled goat
anti-mouse immunoglobulin G (IgG-HRP) (Sigma) followed by the addition of
3,3',5,5'-tetra- methylbenzidine (TMB, Sigma). Reactions were halted with 0.1M
H.SO, and absorbance read at 450 nm (OD450). Titres are expressed as serum

dilutions reaching the half-maximal OD (OD50).

2.3.4 Association ELISA

Plates (Nunc-Immuno MaxiSorp) were coated with anti-E7 antibody, each of the
vaccine preparations were added at a concentration corresponding to 60 ng/mL
of E7 protein. Following washing and incubations, anti-Q monoclonal antibody
was added followed by secondary detection antibody goat anti-mouse IgG-HRP

and TMB. Data is expressed in OD450.

2.3.5 Vaccine Preparation
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Vaccines were prepared by chemical coupling using the heterobifunctional cross-
linker succinimidyl-6-(3-maleimidopropionamido)hexanoate (SMPH, Pierce).
Purified QP VLPs (2 mg/mL in PBS) were derivatised by a 1-h incubation at room
temperature with a 10-fold molar excess of SMPH. Free cross-linker was removed
by diafiltration with Amicon Ultra Centrifugal Filters, 100 kDa MWCO.
Derivatised QP VLPs and E7..-GGC (peptide at five- fold molar excess) or E7
protein were then incubated for 3 h at room temperature to allow cross-linking.
Unbound material was removed by diafiltration with Amicon Ultra centrifugal
filters, 100 kDa MWCO for the peptide and size exclusion for the E7 protein.

Efficiency of cross-linking was analysed by SDS-PAGE.

Packaging of CpG into QP VLPs was performed by digestion of bacterial RNA
packaged into VLPs during recombinant expression with RNAse A (Merck) for 5
h at 37° C in low-ionic strength buffer. RNAse-treated VLPs were combined with
120 nM/mL of CpG and incubated for further 3 h at 37°C. Excess of CpG and

RNAse was removed by dialysis against PBS.

2.3.6 Immunisation and Sample harvesting

This study was carried out in accordance with the recommendations of the
Animals (Scientific Procedures) Act 1986 (ASPA) and European Directive

2010/63/EU on the protection of animals used for scientific purposes.

C57BL/6 mice (female 9-12 weeks old; Envigo) were injected s.c. with 80 ug of

either vaccine formulation. Spleen or blood was collected from the tail vein and

serum and PBMCs separated for further analysis at indicated time points.
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Spleens were isolated and a single-cell suspension was prepared by incubating
organs with 1 mg/mL collagenase D (Roche) and 0.04 mg/mL DNase I
(Boehringer) in 5% FSC containing DMEM, for 30 min at 37°C. Organ pieces were
passed through a 70-um cell strainer and stained for cell-specific markers. PBMCs
were collected from the tail vein in PBS containing 0.25mM of EDTA. Red blood
cells were lysed using ACK buffer (Lonza). Freshly isolated splenocytes were
treated with FcBlock (eBioscience) and stained with the following fluorochrome-
labelled antibodies: anti-CD3, anti-CD8a, Live-Dead dye, anti-IFN-vy, anti-TNF-a,
and anti-IL-17 (all from eBioscience). E7-specific tetramer were obtained from NIH
tetramer facility. Cells were incubated with Anti-CD8 and 2.5ug/mL of E7-

tetramer for 30 min.

2.3.7 In vivo Trafficking experiment and In vitro uptake of VLP and peptide

E7 protein or E7..., were labelled with AlexaFluor 488 C5-maleamide as instructed
by the manufacturer. Qf VLPs were labelled with AlexaFluor 647 or PE containing
a NHS reactive group as instructed by the manufacturer (all from Thermo Fischer).
C57BL /6 mice (9-12 weeks old; Envigo) were injected s.c. with 30 ug of fluorescent

VLP and peptide into the hind leg.

Popliteal and inguinal LNs were isolated and a single-cell suspension was
prepared by incubating LN with 1 mg/mL collagenase D (Roche) and 0.04 mg/mL
DNase I (Boehringer) in 5% FSC containing DMEM, for 30 min at 37°C. Organ
pieces were passed through a 70-um cell strainer and stained for cell-specific
markers. The following fluorochrome-labelled antibodies were used: anti-CD11c,
anti-CD8a (all from eBioscience), anti-F4 /80, Live/Dead Aqua cell stain (all from

Life Technologies).
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Primary culture of DCs from LNs of a naive mouse was prepared as described
previously and incubated for 24h with 10nM of E7..., conjugated with Alexa488 and
1 pg/mL of QP conjugated with Alexa647. CD11cF4/80- DCs were subsequently
analysed by flow cytometry for uptake of peptide and Qp.

Flow cytometry analysis were performed using a BD FACSCanto II. Data analysis

was performed in the FlowJo software (TreeStar).

2.3.8 Tumour Model and vaccinations

Female C57BL /6 mice at age of 10-11 weeks were injected with 1.5 x 10- TC-1 cells
expressing HPV16 E7 oncoprotein. Eight days post injection of tumour cells, mice
developed palpable tumours and were subjected to a weekly immunisation
schedule with E7 coupled or mixed to QP(1668) for 49 days. Tumour size was
recorded daily and was calculated as follows: W*W*L /2, where W is tumour width
(centimetres) and L is tumour length (centimetres). Mice showing signs of
excessive suffering or reaching tumour size larger than 1,000 cm’ were euthanized.
Survival rate was analysed by Log-rank (Mantel-Cox) test. Tumour challenges and

monitoring of mice were performed by Ana Flace.

2.4 Results

2.4.1 Characterization of QB-VLPs and E7

Upon expression and purification of VLPs and antigens, we have characterised the

size of QP and E7. Qp particles upon expression assembles within the prokaryotic
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host without requiring further folding. E7 protein however, requires refolding
upon expression and purification. Size-exclusion chromatography (SEC) analysis
of the refolded E7 showed a wide distribution of the elution peaks corresponding
to molecular weights between 17 kDa and 10 MDa (void volume of the column,
figure IL.1.A, upper panel). To reduce the heterogeneity of the supramolecular
forms of E7, the refolded protein was treated with reducing agent DTT (1,4-
dithiothreitol), which resulted in a narrow molecular weight distribution to a
single peak with calculated average size of 600-800 kDa (figure II.1.A, bottom
panel) confirming the role of disulphide bonds in E7 multimerization. The
oncoprotein spontaneously forms spherical oligomers with a calculated diameter

of 50nm as estimated by electron microscopy (EM) and described elsewhere.

The monomeric capsid protein of the Qf bacteriophage with a molecular weight
of 14 kDa was expressed in E. coli. Upon expression, the monomers spontaneously
dimerizes and self-assembles into a supramolecular icosahedral VLP with
molecular weight of approximately 3 MDa. The size and integrity of VLP was
assessed by EM and dynamic light scattering (DLS) demonstrating that QB VLPs
are single particles with average diameter of 30 nm (figure I1.1.D). The SEC
analysis of the purified VLP indicated a narrow size distribution on a S500 column
(GE) (figure I1.1.B). The above characterization supports the claim that Qf VLPs

and non-reduced E7 oligomers exhibit roughly comparable sizes of 30-50 nm.
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Figure 1.1 - Size characterisation of QB VLPs and E7 protein.

A) Size-exclusion chromatography of refolded E7 in buffer without reducing agent (upper
panel) using TSKgel G4000SW column (resolution between 20,000-7x106 Da). Refolded E7
(bottom panel) forms oligomers with elution time between 9.3 and 15 min. B) Size-
exclusion of QB VLPs in a S500 column eluted with PBS. Narrow peak show narrow size
distribution. C) EM of QB VLPs D) Dynamic light scattering of purified VLPs. Data is
representative of 28 independent purifications. Purification of E7 was performed by Ana

Flace.

2.4.2 Size dependent drainage of particles to lymph nodes and uptake by resident
DCs

In order for antigens in the periphery to initiate an immune response, it is
necessary for such antigens to reach secondary lymphoid organs, such as LNs.
Upon s.c. injection, we assessed the drainage of VLP and antigen to LNs. VLP and

the E7 protein were labelled with different fluorescent tags and injected in the hind
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leg of C57BL /6 mice. Popliteal LNs were harvested 24h later and DCs analysed for
uptake of QP and E7. A subpopulation of resident DCs (CD11c¢*F4/807) in the
draining LNs was found associated to E7 and Qp VLPs (figure I1.2.C). A total of
23% of DCs from the popliteal LN were double positives for Qf and the antigen
E7, 46.9% positive for the VLP only and 24% positive to E7 only. Thus, antigen and
adjuvants, i.e., E7 and QP VLPs, were simultaneously taken up in vivo by a large
percentage of DCs even though there was no physical association of the two
particles. To guarantee the absence of interaction or association of Qp and E7 upon
mixing, an association ELISA test was performed. The ELISA plate was coated
with E7-specific antibodies and incubated with the mixed or coupled formulation
of vaccines. Following washing steps that removed unbound vaccine, Qp was only
detected by Qp specific antibodies on the coupled formulations (figure 11.2.B)

ruling out possible non-covalent interactions between Q@ and E7.

To corroborate that the size of particle was influencing the distribution and
subsequent immune response following s.c. injection, we tested the trafficking to
LNs of the E7-derived immunodominant peptide H2-Db E7...mixed to the VLP in
similar conditions. Injection of free peptide E7... labelled likewise with the same
fluorophore and labelled Qf VLPs did not result in simultaneous uptake by DCs
in draining LNs (figure I1.2.D). As a matter of fact, the peptide could not be found
in LNs in the same period of time. To exclude potential methodological limitations
in visualization of peptides by flow cytometry, DCs were pulsed with the peptide
and VLP in vitro. Primary cultures of LNs resident cells of a naive mouse were
incubated for 24 h with the fluorescent peptide E7.., and Qp and CD11c'F4/80- DCs
were subsequently analysed by flow cytometry for uptake of peptide and VLP. As
shown in figure I1.2.E, almost 50% of the DCs were double positive for the peptide

and Qp, confirming the capacity of small peptides to be efficiently taken up by DCs

79



in vitro and detected by flow cytometry. This supports the hypothesis that peptides
injected s.c. do not efficiently traffic to the LN due to the size, protease stability

and propensity to bind to MHC class I molecules on any cell.
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Figure 11.2 - Draining of QB VLP and antigens to LNs.

A) Schematic representation of the system of antigens. VLPs have an average size of 30nm,
E7 protein of 50nm and the peptide has a size of 1.7 kDa. The plus signal (+) indicates the
mixed formulation of VLP and antigen, the dash (--) indicates chemical coupling of antigen
and VLP. B) Immunoplate assay demonstrating the absence of physical association
between VLP and E7 protein in the mixed formulation. Plates were coated with anti-E7

antibody, each of the vaccines preparation were added at a concentration corresponding
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to 60 ng/ml E7 protein. Following washing and incubations, anti-Qp monoclonal antibody
was added followed by detection antibody. Data expressed in optical density (OD). C) QB-
VLP mixed with E7 oligomers are taken up by the same population of DCs in the draining
lymph nodes. Mice were injected either with QB-VLP-Alexa488 or E7-phycoerythrin (PE) or
a mixture of both particles (100 ug of each). The uptake of the fluorescent proteins into
DCs of the draining lymph node (popliteal) was analysed by flow cytometry. Frequency
plot is gated on DCs (CD11c* F4/80°). D) Frequency plot of cells from draining LNs 24h post
injection with 100 pg of QB-Alexa647 and 100 pg of E749.57 peptide labelled with Alexa Fluor
488. E) In vitro uptake of QB-Alexab647 and E749-57 Alexa488. Single cell preparation from
draining LN of naive C57BL/6 mice was prepared and pulsed for 24h with 1ug/mL VLP and
10 nM of peptide. Frequency plot is gated on DCs (CD11c* F4/80"). Plots are representative
of results obtained from 3 mice. Trafficking results are representative of 2 independent

experiments. ELISA was performed only once.

2.4.3 Protective T cell responses are dependent on packaged B-type CpG
packaged into VLPs

We next investigated the immune response elicited by the vaccine candidates. To
this end, C57BL\ 6 mice were immunised either with E7 protein alone, E7 mixed
with CpG, QB(CpG) coupled with E7, and QPB(CpG) mixed with E7. The
production of the cytokine IFN-y by CD8 and CD4 T cells upon in vitro re-
stimulation was evaluated on day 8. E7 alone or mixed with free CpG induced low
frequency of cytokine-producing T cells, with levels similar to the background
(figure I1.3.A and I1.3.B). E7 protein mixed or coupled with QB(CpG), on the other
hand, efficiently induced CD4- and CD8' T cells producing IFN-y demonstrating
the superior immunogenicity of a vaccine based on Qp packaging CpGs (figures
I1.4.A and 11.4.B). Of note, levels of cytokines produced by CD4- and CD8 T cells
from mice immunised with E7 protein either mixed or coupled to QB(CpG) were

similar indicating that coupling does not affect the outcome of immunisation.
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In order to study antigen-specific production of cytokines by T cells in more detail,
we focused on the two most potent vaccine candidates , i.e. QB(CpG) and E7, either

mixed or coupled

A) B)
naive naive
E7 E7
E7 + 1668 E7 + 1668
QpB(1668)+E7 QB(1668)+E7
QpB(1668)-E7 Qp(1668)-E7
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E)

Vaccine % IFN y + (% CD8+)
Exp.1 | Exp.2 | Exp.3 | Exp.4 | Exp.5 | Exp.6
Qb1668 coupled E7 2.8 3.0 4.3 21 3.3 4.1
Qb1668 mixed E7 2.3 2.2 2.2 3.4 2.8 4.5

Figure 1.3 - Coupling of antigens with similar size to VLPs is not required for T cells
responses.

C57BL/6 mice were immunised and T cell responses were assessed 8 days later. A) IFN-y
production by CD4+T cells after immunisation with E7 protein, E7 mixed with free CpG
1668, QB(CpG) mixed (+) with E7 and QB(CpG) coupled (-) with E7. B) IFN-y production by
CD8+T cells after immunisation with mixed or coupled vaccines. Boost was administered
70 days after first dose, blood was collected on day 0, 8, 71 and 78 for IFN-y measurements.
C) Kinetics of IFNy production by CD4+ T cells from blood. D) Kinetics of IFN-y production
by CD4+ T cells from blood. Data represented as mean + standard deviation n = 5 mice per

group. Results are representative of 6 individual experiments, summarised in E).
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Mice were primed on day 0 and boosted on day 71. Cytokine production was
assessed 8 days after priming and on day 71 and 7 days post boosting (day 78). The
production of cytokines by CD4- and CD8 T cells (figure I1I1.3.C and IL.3.D,
respectively) was similar for the mixed and coupled formulations suggesting that
physical association of the antigen and adjuvant of same size is dispensable for
antigen specific T cell responses. 70 days after immunisation, cytokine production
was reduced before boost but recovered to previous levels in the blood upon
boosting by day 78, indicating that memory T cells could have been induced by

the vaccines.

2.4.4 Same size antigens and adjuvant do not require coupling for protective T
cell responses and eradication of established tumours.

Upon establishing the (i) superior capacity of formulations including QB(CpG) at
inducing IFN-y production by CD8- and CD4'T cells in response to re-stimulation
with E7 and that (ii) DCs would simultaneously take up antigen and VLP even in
the absence of physical crosslinking leading to strong T cell responses, we
investigated whether the immune response observed was protective. To assess the
therapeutic capacity of the vaccine-induced T cells, mice were injected with TC-1
cells expressing HPV16 E7 oncoprotein. Palpable tumours were observed around
8 days post injection of tumour cells, when mice were subjected to a weekly

immunisation schedule with E7 coupled or mixed to QB(CpG) for 49 days.
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Figure 11.4 - Tumour protection induced by immunotherapy.

A) Tumour growth in mice receiving vaccines or untreated controls over 50 days post
tumour inoculation. C57BL/6 female mice (n=5 per group) were injected with 1.5x10° TC-
1 cells expressing HPV-16 E7 oncoprotein. Crosses indicate the weekly immunisation
schedule. B) Percent of survival and tumour growth in immunised groups was monitored
over time and represented in a Kaplan—Meier survival curve and analysed using the Log-
rank test; *P<0.05. Tumour implantation and mice monitoring were performed by Ana

Flace. Results are representative of two independent experiments.

T cell responses induced by vaccination were correlated with the protection
against tumour growth and survival. In untreated and control group immunised
with QB(CpG) only, tumours grew unrestrained (figure 11.4.A) and 50% of mice
reached severity scores requiring euthanasia by day 32 (figure I1.4.B). In contrast,
coupled and mixed formulation of QB(CpG) and E7 protein vaccines protected
against tumour growth resulting in survival rate of more than 80% until the end of
the study. Thus, covalent linkage of the E7 to QB(CpG) VLPs is not required for
induction of protective T cell responses against solid tumours if both antigen and

adjuvants are particulate.
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CTL responses from challenge was assessed following the end of challenge for
immunised mice that had survived and non-challenged controls. Both vaccination
regimens (coupled and mixed) induced CD4- T cell responses with multifunctional
lymphocytes producing IFN-y, TNF-a, and IL-17 (figure IL.5.A-C) and a high
frequency of E7-specific CD8 T cells producing TNFa and IFN-y (figure IL.5.E-F).
Likewise, as observed in the blood, E7 protein crosslinked to Qf induced similar
frequencies of cytokine-producing T cells compared to the mixed formulation in

splenic T cells.
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Figure 11.5: Coupling of similar size antigens to VLPs is not required for cytokine
production by T cells.

A) TNF-a. and IFN-y production by CD4* T cells, B) IL-17 and IFN-y production by CD4* T, C)
cytokine production by CD4" T cells from immunised mice upon in vitro stimulation D)
Frequency of cytokine producing cells among CD8* T cells from immunised mice upon in

vitro stimulation. E) Cytokine production by E7-tetramer specific CD8" T cells. F) Frequency
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of cytokine producing cells among CD8" T cells upon in vitro stimulation. Data is

representative of two independent experiments.

In marked contrast to the results obtained with particulate E7 proteins, for small
peptides, linkage to the VLP was essential. Specifically, mice immunised with the
peptide E7.... coupled to QB(CpG) induced antigen-specific CD8 T cell producing
high levels of IFN-y and TNF-a in marked contrast to CD8+ T cells from mice
immunised with E7.. mixed to QB(CpG), that produced 3 times less IFN-y and

TNF-a (figure I1.6).

A)

Q)
! B IFN-
QB(1668)+E740.57 IFN-y TNF-a ) 5 '
Mixed ] i Jozs 049
- 4 -9
] 1 ] 8 e
1 4 1 > 3
EH i i £
3 osr| 3 068 T 3 =
1 ] s o 2
] ] £ 8
E E| i !
i i AL,
i i o
3 G, P A A
] ) 1 3 7 988~ 0.50 @o (,\!Q/ Q@‘Q/
LA | T I AT RERRIT )
S0K 250K SEIIK ]EI'BK JSIUK ZU'UK ZS'DK T‘ﬂ"i w‘iﬁ " ‘ ov\c’Q 00\(,
QB(1668)-E740.57 IFN-y TNF-a
Coupled ‘r g { TNFa
] Joso 347 4
; [ ]
] g° +
3
| E? :
8 7
.]‘ 8 . 1
]
i oL
i 1.95
‘ N A A
I ok ! “‘o" ("\& Q@’Q/
v‘S’Q ‘°@
ssC ¢ ¢

Figure 11.6 - Coupling of small peptides and VLP is required for activation of CD8+ T cells.

C57BL/6 female mice were immunised in a prime-boost regimen (day 0 and day 7) s.c. with
50ug of coupled or mixed QB(CpG) and E749.57. Spleens were harvested on day 14 and cells
analysed for cytokine production. Cells were stimulated for 6h with peptide and analysed
by flow cytometry. A) IFN-y and TNF-a production by CD8+ T cells upon in vitro re-
stimulation. B) Coupled vaccine (bottom) induces multifunctional CD8+ T cells but not

mixed (upper). C) Percentage of CD8+ T cell producing IFN-y and TNF-a post in vitro
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stimulation. Data represented as mean plus SEM, n = 5 mice per group. Experiment is
representative of 2 independent experiments. Cells analysed by FCM, 1x107 cells acquired
per sample. Values are plotted after subtraction of background values from non-stimulated

samples.

2.4.5 Optimal B cell responses are dependent of organization and repetitiveness
of antigens

Considering that VLPs are well known for their remarkable capacity to induce
high levels of antibodies, we next analysed E7 and Q specific humoral responses.
Serum from immunised mice was collected and analysed by ELISA. Vaccines with
antigen covalently coupled to the VLP induced 10 times more E7-specific
antibodies compared to the mixed formulations and 100 times more than the E7
protein alone (figure II.7.A). Conversely, IgG levels produced against Qf were
higher in the mixed formulation when compared to the coupled counterpart since
covalent coupling of antigens in the surface of the VLP hinders antibody
production against the VLP as it reduces the surface area of the VLP being exposed

(figure 11.7.B).

Those observations were even more pronounced when measuring humoral
response directed against small antigens as peptides. IgG levels against the E7...,
peptide in mice immunised with the mixed formulation were comparable to the
background (figure I1.7.C). But coupling the peptide to VLP promoted high levels
of antigen-specific IgG. Hence, in contrast to T cell responses, optimal B cell
responses requires physical linkage of all forms of antigen and adjuvants in order
to induce appropriate levels of antibody responses irrespectively of the size of the

antigen.
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Figure 11.7 - Covalent linkage is required for optimal responses of B cells.

A) Total 1gG against E7 expressed in log scale of OD50 on day 71. B) Total IgG titres
expressed in log transformed OD50 against QB at day 71 measured by ELISA. Mean with
SEM in log transformed titres. C) Antibody titres expressed in OD50 against the peptide
E749.57 on day 14. Values as mean (n=5 mice per group) plus SEM in log transformed titres.
Antibody titre is representative of two independent experiments. Statistical differences

were assessed by unpaired t test with Welch’s correction. **** P>0.0001

2.5 Discussion

In the current study, we demonstrated in a tumour model expressing the HPV
derived antigen E7 that a particulate VLP-based nanoparticle packaging CpG is
effective as a therapeutic vaccine against stablished tumours. We have
demonstrated that coupling of antigens and VLP of similar size is essential for
improved humoral responses but entirely dispensable for protective CTL

responses.
We speculate that the differential requirement of coupling for optimal B and T cells

responses is a result of the distinct activation mechanism of B and T lymphocytes.

For T cell activation, APCs, specifically DCs, need to be exposed and activated by
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antigen and VLP. Following activation of APCs, priming and antigen presentation
to T cells occur=. The adjuvant effect of VLP for B cell responses on the other hand,
is the result of direct recognition and BCR-mediated uptake of the VLP by antigen-

specific B cells, thus requiring coupling of antigen to the surface of VLP.

The manner by which each cell type is exposed to the antigen and adjuvant impact
greatly the activation and subsequent response of a given immune cell. We
demonstrated that antigen and VLP of similar size (~30-50nm) reach secondary
lymphatic organs at the same time and are simultaneously taken up by DCs.
Simultaneous uptake of antigen and VLP by DCs guarantees that this important
class of APCs will be activated by the adjuvant to prime T cells whilst processing
and presenting the antigen to the primed effector cells. We correlated appropriate

DC activation to the orchestration of protective T cell responses.

On the other hand, in order to benefit from the superior capacity of VLPs to
activate B cells, antigens needs to be physically associated to the VLP to be
rendered immunogenic by being exposed in the surface in a repetitive and
organised manner”. Moreover, by having antigens crosslinked to VLPs, BCR-
mediate endocytosis of the antigen will result in endocytosis of the VLP that will
then deliver its cargos of TLR ligands packaged inside the VLP, further activating
B cells that will in turn produce high affinity antibodies against the antigen=.
Conversely, in mixed formulations, B cells with BCRs recognizing E7 will fail to
promote endocytosis of VLPs loaded with CpGs unless E7 is linked to the VLPs as
summarised in figure II.8. The B cell-intrinsic activation is shown to be of major
importance is this system as not even with the efficient activation of CD4+ T cells,

humoral response were still reduced in absence of coupling.
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Figure 11.8 - Similar size antigens interaction with DCs and B cells.

Of particular note, the conclusions from this study offers further insight to a
growing body of evidence suggesting that size of antigens conveys major influence
on factors driving immunity>. Peptides are well known to be unable of inducing
relevant immune responses; this is likely a result of inefficient drainage to LNs,
degradation, or uptake and presentation by resident MHC class I positive cells in
vivo that does not results in activation and fail to migrate to the LNs and activate
T cells. We provide further evidence to this by showing that administered peptides

failed to charge LN resident DCs unless coupled to VLPs.

Collectively, these observations are important for vaccine development, as they
elucidate distinct requirements for induction of optimal B versus T cell responses
and indicate that the use of both particulate antigens and adjuvants with similar

size dispenses the necessity of conjugating the two components of the vaccine
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without affecting the protective immune response mediated by T cells. This may
be especially important for the development of therapeutic vaccines and fast
response vaccines for epidemics, for this knowledge can be used to design antigens
that would not require coupling, streamlining the manufacturing process,

reducing costs and in particular timelines.

Finally, based on the findings of this work, a new advantage is attributed to
nanoparticles. By manipulating the size of antigens, vaccines that do not induce
high titres of antibodies while inducing potent T cell responses can also be
developed, standing as an interesting tool to investigate the immune system and

the interplay between humoral and cellular immunity induced by vaccination.
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Chapter III: Early transcriptional reprograming in Dendritic
cells and the induction of protective T cell responses upon

immunisation with VLPs

3.1 Introduction

In spite of all the prophylactic vaccines in use to date relying on antibody mediated
protection there is a big interest in developing vaccines that induce protection
mediated by T cells. Therapeutic vaccines against chronic viral infections and
cancer seem to benefit from the induction of T cell responses, in particular
cytotoxic responses mediated by CD8+ T cells (CTL)=»». Induction of effective
antigen-specific T cell responses has proved itself a complex endeavour that will
require major developmental strides before reaching the clinics. The complexity of
cytotoxic T cell responses and the difficulty in activating such cells by
immunisation in comparison to B cells is likely a direct consequence of the higher
level of damage that T cells can inflict to the host in case of uncontrolled deleterious
immune response®. The discovery of T cell checkpoint inhibitors is a clear indicator
of the several molecular restraints that had evolved in our immune system in order

to control and modulate the activity of these cells.

Considering the distinct regulation and complexity of activation events for B and
T lymphocytes as previously discussed in section 1.4 (chapter I), it is reasonable to
assume that unlikely B-cell based vaccines, attempts to develop T-cell inducing

vaccines will not be successful until we have a better understanding of the
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regulatory networks of T cell responses, thereby providing a rationale to develop

tools able to modulate such networks.

Dendritic cells and the orchestration of CTL responses

T cell responses are tailored by the innate immune system through events of cross-
presentation and cross-priming promoted by antigen presenting cells (APCs),
especially DCs». Appropriate activation of APCs is critical for successful vaccine
development strategies since APCs are responsible not only for initiating but also
for modulating the adaptive immune response. This is a consequence of APCs
being the only cell types capable of take up antigens in the periphery, process, and
migrate to sites of T cell activation, where such APCs will express co-stimulatory
molecules and cytokines that activate and recruit other cell types to mount the
immune response. Therefore, understanding the factors that drive appropriate
activation of APCs and correlated to the adaptive response becomes paramount

for vaccine development, especially where aiming for T cell mediated protection.

Subunit vaccines and adjuvants for T cells

The process of developing safer vaccines has in some cases also rendered antigenic
candidates less immunogenic. Thus, the search for an appropriate adjuvant - i.e. an
adjuvant that will modulate the response towards the desired outcome - can be
considered almost as important as the choice of the antigenic target during vaccine
development. TLR ligands have emerged as a promising adjuvant for vaccines due
to their safety and remarkable ability to enhance immunogenicity with efficacy
already proved in the clinics*»». However, unlike traditional antibody-inducing
vaccines, the choice of adjuvants is dramatically reduced when developing T cell-

based vaccines. TLR7 and TLR9 ligands, especially in combination with delivery
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systems such as nanoparticles and VLPs, have been showing promising results in
the induction of cytotoxic T cells and have been successfully employed in a
plethora of pre-clinical vaccines for different applications. Understanding the
initial events induced by TLR-ligands, in particular in DCs, can be a valuable tool
for the development of effective adjuvants and therapeutic vaccines. To gain
insight into these early events, we have employed systematic and integrative
analysis of in vivo gene expression in DCs preceding three types of CD8 T cell
responses after vaccination: (i) absent versus (ii) inefficient versus (iii) protective T
cell responses. We have previously demonstrated that VLPs containing B type
CpG are able to induce protective T cell responses in tumour models caused by
HPV= and viral infections> while its VLP counterparts containing RNA or no
nuclei acid were unable to provide protection against the tumour growth and
associated mortality. Using the same vaccines model, we have investigated the
transcriptional reprograming that DCs undergo in the first day following
immunisation and the initial events and pathways correlated to cross-priming of

T cells by DCs.

3.2 Experimental Approach and Research Questions

3.2.1 Experimental Approach

This chapter aims to explore the initial events following immunisation that
precede protective T cell responses. By using formulations of VLPs containing
different immunostimulatory sequences we investigated the impact of such
vaccines in the response mediated by dendritic cells. Our aim was to find early
correlates of the immune response orchestrated by DCs and the subsequent CTL

response with a direct impact in the in vivo responses triggered by vaccines. Some
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of the immune-correlates of efficient T cell responses used to measure vaccine
efficacy are (i) clonal expansion of antigen-specific T cells, (ii) production of key
cytokines. In our case, IFN-y and TNF-a were chosen considering the major role
of these two cytokines in mediating CTL responses and the demonstrated

correlation of polyfunctional T cells and viral control=.

3.2.2 Research Questions

1. Does packaging of different classes of CpGs into VLPs impacts the activation
of DCs and the overall immune response?

2. What are the immune-correlates in the immune response triggered by DCs
that influence T cell responses?

3. Whatis the impact of a TLR7 and a TLR9 ligand to the global transcriptomics
of DCs immunised with VLPs?

4. What are the main immune pathways activated in response to immunisation
with VLP and TLR ligands and how do they correlate to the magnitude and
quality of the resultant CTL response?

5. How does the transcriptional reprograming of DCs translate to the
production and secretion of cytokines?

6. Which cytokines produced in the early time frames following immunisation

are associated to later development of CTL responses?

3.3 Material & Methods

A complete list of materials and reagents, suppliers and catalogue codes utilised
on this thesis can be found on the supplementary materials (Table S.3 to S.7).
Experiments were designed, performed, and analysed by the writer of this thesis

unless stated otherwise. In the case of experiments performed by collaborators, the
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name of the author is indicated alongside the data, but design and analysis of every

experiment were performed by the writer of this thesis.

3.3.1 VLPs, vaccine preparation and immunisations

QP VLPs were prepared as previously described in section 2.3.1.

The A type CpG Gl10 was custom made by Eurogentec.
Sequence: 5'ggggggggegcacgategtcggggeggegegg 3. CpGs 1668  with
phosphorothioate backbone were purchased from Invivogen (sequence: 5’
tccatgacgttectgatget 3'). The immunodominant peptides p33 was produced in a
modified version with additional 3 aa (GGC) added to the C terminus
(Proimmune, UK) to allow chemical crosslinking of peptide to VLPs. P33 peptide

sequence: KAVYNFATMGGC.

Packing of CpG into QP VLPs was performed by digestion of bacterial RNA
packaged into VLPs during recombinant expression with RNAse A (Merck) for 5
h at 37°C in low-ionic strength buffer. RNAse-treated VLPs were either further
purified to remove RNAse and degrade RNA or combined with 120 nM/mL of
CpG and incubated for further 3 h at 37°C. Excess of CpG and RN Ase was removed
by dialysis against PBS. Re-packing and integrity of VLPs were assessed by
running samples on a native agarose gel (1%) in TAE buffer (Tris, Acetic-acid and
EDTA). Gel was stained with SYBR safe (Invitrogen) to detect nucleic acid,

followed by Coommasie blue stain (Expedon).

Vaccines were prepared by chemical coupling using the heterobifunctional cross-

linker succinimidyl-6-(3-maleimidopropionamido)hexanoate (SMPH, Pierce,
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Rockford, IL, USA). Purified QB VLPs (2 mg/mL in PBS) were derivatised by a 1-
h incubation at room temperature with a 10-fold molar excess of SMPH. Free cross-
linker was removed by diafiltration with Amicon Ultra Centrifugal Filters, 100 kDa
MWCO. Derivatised VLPs and P33-GGC (peptide at five- fold molar excess) were
then incubated for 3 h at room temperature to allow cross-linking. Unbound
material was removed by diafiltration with Amicon Ultra centrifugal filters, 100
kDa MWCO for the Efficiency of cross-linking was analysed by SDS-PAGE stained

with Instant Blue Protein Stain (Expedon).

3.3.2 Mice

Wild-type C57BL/6 mice were purchased from Envigo (UK). CCL2 knockout
mice were described previously™ and purchased from Jacksons lab, USA. STING
and 9. Mavs-/- mice were provided by Jan Rehwinkel and were initially

obtained from J. Tschopp (Lausanne)=.

All mice used in this study were bred in specific pathogen-free (SPF) conditions.
This study was carried out in accordance with the recommendations of the
Animals (Scientific Procedures) Act 1986 (ASPA) and European Directive

2010/63/EU on the protection of animals used for scientific purposes.

3.3.3 Tetramer staining and cytokine measurement

Total splenocytes of immunized mice were isolated 24h following immunisation
and a single-cell suspension was prepared as described on section 2.3.4 and

cultured for further 12h. Secreted cytokines (G-CSF, GM-CSF, IFN-vy, IL-1a, IL-1p,
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IL-2, IL-4, IL-5, IL-6, IL-7, IL-9 IL-10, IL-12p40, IL-12p70, IL-13, IL-17, CCL2, CCL3,
CCL5, CXCL1, CXCL2, CXCL10) were measured with a Milliplex kit (Merk-
Millipore, France) following the manufacturer's instructions. Luminex MAGPIX
system with xPONENT software was used for data acquisition and data analysis.
IFN-a, IL-12 and IL-1 were measured by ELISA following manufacturer’s

instruction (Thermo Fisher, R&D, and R&D, respectively).

The T cell response was assessed 7 days following immunisation. Single cell
suspension from spleen was prepared and described in the section 2.3.4. For
tetramer staining freshly isolated splenocytes were stained and immediately
analysed with anti-CD8 and p33 Tetramer. For Intracellular staining, cells were re-
stimulated with 1ug/mL of p33 peptide for 1h, followed by the addition of
secretion inhibitors Monensine and Brefeldina (eBioscience) and further

incubation for 5h.

3.3.4 Antibodies and flow cytometry

Flow cytometry was performed using a BD FACSCanto II and the following
antibodies:

APC-Cyanine7 anti-CD11c (N418, Invitrogen), PercyPCy5.5 anti-CD3,
AlexaFluor700 anti-CD8, FITC anti-TNFa (eBioscience), APC anti-IFNy (Life
Tech), PE anti-CD101 (Thermo), PE anti-CD86 (eBioscience), Acqua Live-Dead dye
(Thermo), FITC anti-CD40, APC conjugated Tetramer-p33... (H-2D* KAVYNFATC,

NIH core tetramer facility) were used.
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For intracellular staining of IFN-y, IL-12, and TNF-q, splenocytes were fixed and
permeabilized with BD Cytofix buffer. Antibody staining was performed
subsequently to Fc receptor blockade (monoclonal antibody 2.4G2 to mouse CD16-

CD32, 10 pg/ml) in PBS supplemented with 0.1% FBS.

Data analysis was performed in the Flow]o software (TreeStar).

3.3.5 Cell preparation and sorting

Spleens were isolated and a single-cell suspension was prepared by incubating
spleens with 1 mg/mL collagenase D (Roche) and 0.04 mg/mL DNase I
(Boehringer) in 5% FSC containing DMEM, for 30 min at 37°C. Organ pieces were
passed through a 70-um cell strainer, red blood cells were lysed with ACK solution

(Lonza).

Cell sorting - Sorting of splenic DCs was performed with immunomagnetic positive
selection of mouse CD11c+ cells (EasySep Mouse CD11c, StemCell Tech) according

to the manufacture’s instruction. Purity was not assessed for this experiment.

BMDC and BMpDC generation - bone marrow cells were cultured in RPMI
supplemented with 10% FCS, glutamine, sodium pyruvate, penicillin, and
streptomycin for 6-8 d in the presence of granulocyte-macrophage colony-
stimulating factor (GM-CSF) containing X-63 cell supernatant for generation of

conventional BMDCs or FLT3 (Insight Biotech) for generation of BMpDCs.

DCs immunisation — fully differentiated WT BMDCs were pulsed for 1h with

QP(CpG)-p33, washed and injected i.v. in the tail vein of WT and CCL2 KO
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recipients. CTL responses were assessed 7 days later as described in the section

3.3.3 of this thesis.

3.3.6 Immunofluorescence and endosomal trafficking of VLPs and free CpG

Cells were cultured on glass-bottom, 0.17mm tissue culture dishes (MatTek
GLASS) pre-coated overnight with poly-L-Lysine. BMDCs were generated as
described in section 3.3.4. and seeded overnight. Cells were transfected with the
LysoTrack dye following the manufacturer’s instructions (Life Tech). Qp VLP were
packed with a B type CpG 1668 coupled to a fluorescent dye (custom made,
Eurogentec). Confocal microscopy studies were performed with an oil immersion
objective (63x o0il immersion, numerical aperture 1.4) on Zeiss LSM 710

Multiphoton Confocal Microscope.

B type CpG sequence and modifications: 5’ tccatgacgttectgatget 3" coupled to
AlexaFluor 547 dye. Packaging of CpG-AF547 was performed as described on

section 3.3.1.

3.3.7 RNA preparation, RNA-seq and primary data analysis

Sample preparation
Total RNA was extracted from sorted splenic DCs (as described on section 3.3.5)
from immunized mice following the manufacturer’s protocol (RNeasy Midi Kit,

Qiagen), using an on column DNase-I digest step.

The High Throughput Genomics Facility, Wellcome Trust Centre for Human

Genomics (Oxford, UK), executed the Library preparation and sequencing.
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Material was quantified using RiboGreen (Invitrogen) on the FLUOstar OPTIMA
plate reader (BMG Labtech) and the size profile and integrity analysed on the 2200
or 4200 TapeStation (Agilent, RNA ScreenTape). Library preparation was
completed wusing TruSeq Stranded Total RNAkit (Illumina) following
manufacturer’s instructions. Libraries were amplified on a Tetrad (Bio-Rad) using
in-house unique dual indexing primers (based on DOI: 10.1186/1472-6750-13-
104). Individual libraries were normalised using Qubit, and the size profile was
analysed on the 2200 or 4200 TapeStation. Individual libraries were normalised
and pooled together accordingly. The pooled library was diluted to ~10 nM for
storage. The 10 nM library was denatured and further diluted prior to loading on
the sequencer. Paired end sequencing was performed using a HiSeq4000 75bp

platform (Illumina, HiSeq 3000/4000 PE Cluster Kit and 150 cycle SBS Kit).

Data analysis
All statistical and bioinformatics analysis was performed using R language

(https:/ / www.r-project.org) and Bioconductor packages.

Trimmomatic 0.35 package was used in order to quality filter reads and remove
adapter contamination™. The first 10 and the last base were removed after visual

inspection of the read quality distribution. After trimming, read length was 64BP.

For read mapping, Star aligner v2.5.2b» was used on the Gencode M12
transcriptome (mm10) with settings "--outSAMmultNmax 20". Reads were
assigned to genes using featureCounts v1.5.1= with settings "-C -B -M -s 2 -p". To
calculate log2 fold change estimates between groups, a negative binomial general
linear model was fit using DESeq2> and only genes with a Benjamini-Hochberg=
corrected Wald test FDR of less than 5% were labelled significant. The script was

developed with the assistance of Dr Julius Miiller.
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The overrepresentation of pathways within groups of DE genes was computed by
applying a one-tailed Fisher's exact test. Only top-level pathways with P < 0.0001
for overrepresentation were considered. Plots were generated in R language with

the package ggplot2.

Heatmaps were generated using counts per million multi mapped (CPM-MM)
values as input. CPM values are mean centred, row scaled and standardized.
Hierarchical clustering was performed by using the distance based Euclidean

distances using complete linkage clustering.

3.3.8 Tumour model

1x10- B16F10p33 melanoma cells were injected into one flank of RAG" mice (6-8
weeks old; Envigo). Twelve days later the growing tumours were collected and
processed for transplantation into C57BL/6 mice (6-8 weeks old) into one flank.
The test group of transplanted C57BL/6 mice was treated s.c. with 120 ug
QP(CpGs)-p33, while the control groups was left untreated. Tumours were
collected and tumour volume was measured using a caliper according to the
formula V=(W x W x L)/2, where V is tumour volume, L is tumour length and W

is tumour width.

Data is represented as mean + SEM. Comparison between the groups was
performed by Student’s unpaired f test (two-tailed or one-tailed). Survival rate was
analysed by Log-rank (Mantel-Cox) test. This experiment was performed in

collaboration with Mona O. Mohsen (University of Oxford /University of Bern).
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3.3.9 TILs isolation

Tumours were digested by DNasel (Boehringer) and collagenase D (Roche) in 5%
FSC containing DMEM for 1 h at 37°C. Tumours were then smashed in 100um cell
strainer (Sigma-Aldrich) and washed 2x with PBS. Tumour-infiltrating
lymphocytes (TILs) were collected by Ficoll-paque premium (GE Healthcare) and
centrifuged for 30 min at RT at 1800 rpm. TILs were collected and kept on ice for

ICS experiment.

TILs were stained with live/dead, Fc block and then anti-CD8a, IFN-y, CD11b,
Ly6C, MHC-II, CD45 mAb (eBioscience), and analyses were carried out by flow
cytometry. Survival rates were evaluated and compared using the same
designated vaccines per group. Transplanted C57BL/6 mice (6-8 weeks old;
Harlan) were immunised twice a week and tumour sizes were monitored daily
and measured using a calliper as explained previously (section 3.3.8). Mice were
culled according to the humane end-point as per the score-sheet following ethical
regulations in place at University of Oxford and University of Bern. This
experiment was performed with the assistance and collaboration of Mona O.

Mohsen (University of Oxford /University of Bern).
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3.4 Results

3.4.1 Packaging of CpGs into VLPs alters endosomal trafficking and immune
responses

Most VLPs derived from RNA phages rely on interactions between protein and
nucleic acid to assist in the assembly and stability of the particle. After expression
and purification, the content of VLPs can be manipulated with the removal of the
nucleic acid followed by in vitro re-packing with different poly-anionic sequences
such as nucleic acid of different kinds (figure III.1.B). A schematic representation
of the re-packing of VLPs is shown in figure III.1.A and methods described in

section 3.3.1.

CpGs belonging to different classes trigger distinctive immune activation
programs when associated with liposomes compared to the free molecule. Such
differences have been thoroughly investigated in the past decades. The
phenomena are in part a result of altered endosomal trafficking that CpGs undergo
when associated to nanoparticles”. The consensus is that depending of the
secondary structure and sequence of the CpGs, the molecules will traffic through
distinct endosomal routes. For instance, it has been demonstrated that B type CpGs
when associated with the liposome DOTAP, gets retained for longer in the
endosomal compartment before reaching lysosomes”. This spatial-temporal
distribution dictates the interaction with components of the signalling cascade of
TLRs. To investigate whether the same phenomena would be influencing our
system, a time-lapse experiment of CpG uptake by BMDCs was performed by
pulsing cells with the B type CpG 1668 containing a fluorescent dye. We have
found that free CpG co-localises with the lysosomal marker LysoTrack as fast as 6

minutes after addition of CpG to the cells (figure III.1.C). Next, the spatiotemporal
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distribution of Qp(1668) in BMDCs was tested in a similar setting. To that end,
BMDCs were pulsed with the VLP containing CpG with a fluorescent tag, washed
and fixed at the indicated time points (figure III.1.D). Co-localisation of packed
CpG and LysoTrack dye was delayed in comparison to the free CpG. At the time-
point 10 min (figure III.1.D upper panel), no co-localisation was observed of the
CpG and the LysoTrack dye. At the 20 minutes time point, high level of co-
localisation could then be detected, showing that the CpG takes longer to reach the
lysosomal compartment. In accordance to literature, packing CpG into VLP alters
the endosomal trafficking of those molecules”, the relevance of this observation to

the immune response was assessed next.

Considering the superior pharmacokinetics of CpGs packaged into VLPs
(discussed in chapter I, section 1.6.1) and previous data demonstrating the
adjuvant effect of B type CpG on a therapeutic vaccine against HPV (chapter II of
this thesis, ref: =) we wanted to evaluate the impact of packaging different classes
of CpG, type A and type B into VLPs in the context of T cell-inducing vaccines. To
this end, the A type CpG G10 and the B type CpG 1668 were packed into Qf VLPs
and immune responses triggered on pDCs and cDCs and T cells were assessed.
Hereafter, VLPs packaging CpG will be represented by Qp(G10) for type A CpG

G10, and Qp(1668) for B type CpG 1668.
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Figure I11.1: Packing of CpGs on VLP alters the immune response induced by VLPs

A) Schematic representation of re-packing of VLPs with polyanionic molecules. B) Re-
packing of VLPs analysed by co-localization of protein and nucleic acid in a native agarose
gel stained with SYBR safe for nucleic acid (upper panel) and Coomassie for proteins (lower
panel). First lane shows the migration pattern of a purified and intact VLP packing RNA.
Lane 2 and 3 with samples from the reduced and disassembled VLP. 4 and 5 shows the re-
assembled VLPs with A type CpG and B type CpG. C) Time-lapse of in vitro uptake of free
CpG 1668 by BMDCs. Lysosomes is represented in green (GFP), CpG in red (Alexa Fluor
567). D) Endosomal trafficking of B type CpG packed into QB VLP. BMDCs were pulsed with
the VLP for 10 min (upper panel) or 20 min (bottom panel), washed and immediately fixed.
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First image in green shows the endosomal compartment, followed by the CpG channel.
Third image contains the superposition of both channels (plus DAPI stain for the nuclei).
2D intensity histogram showing pixel colocalization of the two channels. Data is
representative of 3 independent experiments.

Firstly, we investigated the T cell responses induced by QB(G10) and Qp(1668). To
this end, VLPs re-packed with either G10 or 1668 CpGs were crosslinked with the
immunodominant model peptide p33, derived from the Lymphocytic
Choriomeningitis virus (LCMV). Mice were then immunised s.c. and CTL
response were assessed by tetramer staining 7 days later (figure II1.2.A). QB VLP
containing G10 induced relevant T cell responses, with the p33-specific population
comprising 2% of the CD8+ population. Mice receiving QB(1668)-p33 had at least
3-fold increase on the p33-specific T cells compared to QB(G10) (figure II1.2.B),
confirming that B type CpG is superior to G10 at inducing clonal expansion of

antigen-specific T cells.

In order to confirm whether packing CpGs into Qf would influence the activation
state of DCs freshly isolated splenocytes were incubated with VLPs containing
CpGs of either type A or B. 24h later, activation markers and cytokines were
measured. Total splenocytes, pDCs, and cDCs responded in a distinct manner to
free CpGs and their packed counterparts. The activation molecule CD86 was up-
regulated in DCs in response to all preparations. Free B type CpG was found to be
superior at inducing CD86 up-regulation especially in pDCs, where a more
striking difference was observed (figure I11.2.C). Type A CpG performed better
when associated to the VLP. TNF-a was produced mostly by pDCs and at higher
levels by the cells treated with free B type CpG or the VLPs containing either CpG
(figure II1.2.D). IL-12, a key cytokine associated to Th1 response and known to be

induced at high levels by B type CpG was produced in different levels depending
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not only on the stimuli but also the cell type being investigated (figure 2.E-F). cDCs
produced higher levels of IL-12 in comparison to pDCs in response to free A type
CpG and Qp(1668). When measuring IL-12 produced by total splenocytes (figure
I11.2.F), a different trend was observed with higher levels of IL-12 being produced
in response to free CpGs. We can speculate that other cells types such as B cells
that are also equipped with TLR9 would be contributing to the production of IL-

12, as previously described, however this was not assessed in this experiment.
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Figure I11.2 — Packing CpGs into VLPs alters endosomal trafficking of CpG.

A) Immunisation schedule. Mice (n=3) were immunised s.c. with 50ug of QB containing
either G10 type A CpG (Qb(G10)-p33), or 1668 B type CpG QP(1668)-p33. Spleens were
collected 7 days later and p33 antigen-specific CD8+ T cells were analysed by B) p33-
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specific Tetramer staining. Data represented as mean + SEM. C) CD86 expression and
D)TNF-a production by splenic pDCs and cDCs. E) IL-12 production by splenic c¢DCs
(CD11c+CD317-) and pDCs (CD11c+CD317+) treated with 1uM of the respective CpG or
100ug/mL of VLP for 24h. F) IL-12 production by murine splenocytes incubated with either
1uM of the free CpG or 100ug/mL of the respective VLP for 24h. Data represented as Mean
+ SEM. Each observation represents cells from one individual mouse, n = 3 mice per
experiment. Statistical significance was measured by ANOVA followed by multiple t-tests
followed by Bonferroni and Dunn’s correction for multiple testing ***p<0.001, *p<0.01.

3.4.2 QP packing B type CpG induces superior antigen-specific CD8+ T cell

responses compared to Q@ packing RNA

It has been consistently shown in the literature that VLP-based vaccines containing
CpG are able to induce strong immune responses and enhance protection in
different challenge models. For instance, QB(CpG) coupled to a LCMV-derived
peptide had shown excellent protection in a modified vaccinia virus challenge
model” expressing the p33 antigen and tumour cells expressing the E7 protein from
HPV=. The consistent and superior ability of QB(CpG) to induce protection in
different models in a CTL-dependent manner propelled us to further investigate
the initial events in the immune response that were leading to appropriate

activation of T cells.
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Figure l1l.3: The type of TLR ligand impacts the CTL responses elicited by QB-p33 vaccines

C57BL/6 mice were vaccinated s.c. with 50ug of VLP-p33 containing RNA (E. coli), CpG class
B or the empty capsid. A and B) p33-specific tetramer staining of CD8* T cells from 3
immunised mice and C) ICS staining of CD3*CD8* T cells 7 days post vaccination. 6h
stimulation with p33 peptide from 5 immunised mice. Data represented as Mean + SEM.
Statistical significance was measured by unpaired two tailed t-tests followed by Bonferroni-
Dunn’s correction for multiple testing. *p<0.01, ***p<0.0009. Data is representative of 3
independent experiments.

To demonstrate the differential induction of T cell responses promoted by different
TLR ligands, CpG, RNA or absence of TLR ligand in vivo, VLPs containing B type
CpG 1668 (hereafter represented as QPB(CpG)), prokaryotic RNA (represented as
Qp) and the VLP without nucleic acid (as Qp(0)) were crosslinked to the
immunodominant LCMV-derived peptide gp33... and mice were immunised via
s.c. route. The antigen specific CTL response was evaluated 7 days later after
immunisation. Addition of CpG to VLPs had not only increased the expansion of
p33-specific T CD8: cells as previously demonstrated by tetramer staining (figure

I11.2.B and figure I11.3.A and B), but had also boosted their capacity for producing
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key cytokines such as IFN-y and TNF-a (figure II1.3.C). Formulations containing
RNA although still able to induce antigen specific T cell responses and cytokine
production, had a less pronounced response compared to B type CpG
counterparts. VLPs devoid of nucleic acid on the other hand, had responses

comparable to the samples harvested from naive mice.

Having established and validated the biological effect to investigate CTL
responses, we then moved to interrogate the reprograming of the innate immune
system focusing on DCs hoping to find correlations between the activation of DCs

and CTL responses.

343 Transcriptional reprograming in splenic DCs 24h post immunisation with

VLPs containing TLR9 or TLR7 ligands as adjuvants

To evaluate the impact of the nucleic acid packaged within the VLP in the innate
immune response, mice were immunized with 50ug of the respective VLP s.c. and
24h later spleens were collected and processed for analysis. Total RNA was
extracted from sorted CD11lc' murine splenic cells. Following rigorous quality

control, RNA samples were analysed by genome-wide RNA-sequencing.

Mice immunised with VLP devoid of TLR ligands were used as control for the
groups receiving VLPs associated with TLR ligands. The baseline normalised log?2
gene expression values for genes with a significant change in expression between
groups (adjusted P value<0.05 FDR) were classified as differentially expressed
genes (DEGs). The differential expression of these genes over time was analysed

for statistical significance by one-way analysis of variance (ANOVA);
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TLR engagement by either CpG or RNA led to differential expression of more than
3800 genes in comparison to the formulation devoid of TLR (3855 genes between
QP(CpG) versus QP(o) and 4504 genes between QP versus QpP(o0)), showing the
major transcriptional changes that TLR engagement promotes on the cell, while
Qp vs QB(CpG) had far fewer genes differently expressed, with 279 genes in total

(figure IIL.4.A and B).
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Figure I11.4: Transcriptional reprograming of DCs 24h after immunisation.

A) Volcano plot of genes differently expressed between QB versus QB(o), QB(o) versus CpG
and QP versus QB(CpG), respectively. Log2 fold change on the x-axis and the -Log10 p
values on y-axis. Up-regulated genes are represented in red and down-regulated gene in
green. B) Number of genes differently expressed between the groups with a FDR of 10%.
C) Principal component analysis of genes differently expressed among the groups. The
effects of the principal component 1 (PC1) is shown on x-axis and principal component 2
(PC2) shown in the y-axis D) Genes with major contribution to sample clustering. RNA
sequencing was performed only once.
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Figure I11.5 — top 30 differently expressed genes

Hierarchical clustering of top 30 differently expressed genes. Regularized log transformed
count data were row scaled and hierarchical clustering was applied to Euclidean distances

using complete linkage clustering.

114



Later, an exploratory analysis on the data was performed aiming to find patterns
and biological relevance in the data. The aim of this analysis was to assist with the
characterisation and understanding of the regulation of genes controlling the
immune response. An unsupervised principal component analysis (PCA) was
performed on the data set and revealed the expected clustering of the samples
according to the type of PRR ligand received alongside the VLP (figure I11.4.C and
D). Considering that the three groups had received the same VLP packing
different immunogens, the genes most significantly contributing to the clustering
of the samples (figure I11.4.C and D) can be attributed to the distinct transcriptional
reprograming triggered by the immunogens and not the VLP itself. With such
evidences indicating that the differences seen among the groups were a result of
the TLR ligands present in the vaccine, further analysis were carried out to assist
the identification of genes and processes induced on DCs in response to the

vaccines.

The top 30 differently expressed genes between the groups were analysed for
hierarchical clustering performed by calculating the Euclidean distances using
complete linkage clustering method (figure IIL.5.E showing the top 30 genes
differently expressed between QP(CpG) versus Qp(o)). Clustering analysis
showed a distinct expression profile between the three groups with genes mostly
involved in immune responses and TLR signalling such as the gene coding for the
adaptor molecule Myd88, the alarmins S100a8/9 and members of the family
guanylate binding proteins (GBPs). In addition to genes involved in immune
responses, several genes responsible for controlling cell homeostasis, cell
signalling, and metabolism were also differently expressed. Examples of note were

the Steap4 and MMPS8 genes, two metalloreductases that have been shown to
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integrate metabolism and inflammatory responses=, and Uppl® an enzyme that
catalyses events related to transcription and transduction of proteins. It is
noteworthy that the major transcriptional changes that DCs undergo upon TLR
engagement are related to either metabolism or immune responses. This a direct
consequence of the metabolic reprograming that DCs needs to undergo in order to
support the immune response, gene transcription and translation, protein and
cytokine production, and cell migration, which represent major energetic demands
for the cell". Regardless of the presence of TLR ligands however, Qp clustered
closer to Qp(o) compared to QB(CpG), showing the top 30 genes differently

regulated in response to CpG is quite distinctive to RNA-induced responses.

Interestingly, when comparing the entire list of genes differently expressed among
the three groups, Qp and QB(CpG) were remarkably similar compared to Qf(0).
This indicates that albeit of the differences seen on the clustering analysis of the
top 30 genes differently expressed between QB(CpG) versus Qp(0), there are still
an overlap in the transcriptional reprogramming triggered by TLR7 and TLR9

engagement (figure II1.6).
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Figure 1lIl.6 — Similar pattern of genes differently regulated by VLPs containing TLR
ligands in comparison to empty VLP.

Correlation of the log2 of fold change on differently expressed genes between Q versus
QB(o) - y axis —and QB(o) versus QB(CpG). Genes in blue represent genes differently
expressed that are shared by both QB(CpG) and QB versus QB(o). False discovery rate of
10%.

3.4.4 Functional analysis of transcriptional reprogramming reveals important

pathways engaged by the Qf VLP containing TLR ligands

In order to find the relevant biological function that the genes differently
expressed govern in DCs, a Gene Ontology (GO) analysis of the following sub-
ontologies: biological processes (BP), molecular function (MF), and cellular
component (CC) was performed=. Groups that had received either QP and

QP(CpG) had shown a similar pattern of categories of genes differently expressed
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when compared to the control devoid of TLR ligand, Qf(0). All the terms under
BP are either related to immune responses or metabolic processes (figure I11.7.A
and B), confirming the apparent trend observed on analysis of the top 30 genes

differently expressed (figure I11.4.A and B).

As previously mentioned, upon TLR engagement, cells expressing such receptors
undergo a substantial metabolic reprograming. In accordance to that, when
comparing groups that had received either TLR7 or TLRY agonists (i.e. Qf versus
QP(CpG)), sub-categories related to metabolism were no longer present and all the
terms listed are related exclusively to immune responses, including cytokine
signalling, migration and responses to stress (figure II1.7.C). This was considered
an indication that the genes responsible for creating the distinct outcome on the
CTL responses to the vaccines were more likely to belong to such category instead
of metabolic processes. The two additional GO categories MF and CC can be found

in the supplementary materials (figure 54 to S10).
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B) QB(0) vs QB(CpG) - 3853
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C) QB vs QR(CpG) - 279 genes
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Figure lll.7 — Gene Ontology of genes belonging to the sub-ontology “Biological

Processes”.

Genes differently expressed between DCs from immunised mice receiving A) QB vs QB(o)
and B) QB(o) vs QB(CpG), and C) QB vs QB(CpG). -log 10 of g values. % of DX: percentage
of genes differently expressed. Data was analysed using the package DAVID for GO analysis.

Following the initial characterization of the transcriptional regulation, additional

data mining methods were employed in order to facilitate the identification of
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patterns of gene expression at the system level. To that end, the clusterProfiler tool
for statistical analysis of enriched gene sets associated to a given biological
function was performed. The clusterProfiler packages relies on the Gene Ontology
and the Kyoto Encyclopaedia of Genes and Genomes (KEGG)=, a platform that
annotates genes and the pathways to which the genes belong to. By combining GO
and KEGG pathways, clusterProfiler provides a method to establish themes and
biological relevance to the list of genes differently expressed=. The analysis had
revealed important immune pathways and genes that were differentially

regulated across the groups.

To perform the functional enrichment analysis of genes differently expressed,
genes with a negative log2 fold change (FC) value were selected for the down-
regulated genes and positive FC for the up-regulated genes. In accordance to the
term names shown on the tabular results of the GO analysis (figure II1.7), the
clusterProfiler had also revealed that QB(0) in comparison to the other groups, had
pathways down-regulated related either to the immune system or metabolic
pathways, such as biosynthesis of amino acids when comparing enriched genes on

groups receiving TLR ligands compared to the control (figure S.11).
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Figure 111.8 — Gene set enrichment analysis of differently regulated genes on Q vs QB(CpG)

A) Gene set enrichment analysis of up-regulated genes). B) Gene set enrichment analysis
of down-regulated genes. Pathways sharing gene sets are connected by a line. C) Gene set
enrichment analysis of down-regulated genes. Significance displayed as a colour scale as
indicated by the p.value. X-axis: number of genes in the dataset per pathway.

The clusterProfiling analysis of QB(CpG) in comparison to Qp-recipient group
(figure I11.8) had shown that among the 279 differently expressed genes, relevant
immune pathways such as chemokine signalling pathway and cytokine-cytokine
receptor interaction were enriched. In addition to those general pathways, genes
belonging to the NOD-like receptor pathway such as NLRP12, p38, GBPs, CCL2

and CCL12 were significantly upregulated by the QP(CpG), other pathways
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involving cytokine and chemokine signalling and production were also up-
regulated, including TNF-a and IL-17 pathways. Regarding the genes up-
regulated on Qp, there was a set of gene belonging to the anti-apoptotic NFk-B
pathway such as Bcl2ald». We had also performed KEGG module pathways
analysis on genes downregulated on the Qf vs QB(CpG), showing the enrichment
of genes belonging to the modules ECS complex, JAK-STAT signalling, and
Acylglycerol degradation. The module analysis for up-regulated gene did not
return any result. The complete list of differently regulated pathways and the

genes contributing to the enrichment are listed below on table III.1.
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3.4.5 Pro-inflammatory and anti-inflammatory responses are tightly regulated in

the early stages of response

DCs undergo a complex maturation process that involves the upregulation of
MHC and co-stimulatory molecules. The activation events are accompanied by the
secretion of cytokines that will act in an autocrine and paracrine manner impacting
not only the DC phenotype, but most of immune cells equipped with the cognate
receptors. Considering that most of the pathways differently expressed between
Qp and QP(CpG) were related to immune responses triggered by cytokines the

subsequent analysis was focused on assessing cytokine production.

Aiming to have a better understanding of the cytokines being differently regulated
in response to immunisation we first analysed the RNA expression level, and we
have found marked differences among the groups (figure I11.9). Based on the 30
selected cytokines the resulting clustering analysis of the expression level of each
cytokine displayed an expression pattern correlated to the type of TLR ligand
packaged in the VLP given as a vaccine. The group receiving QB(CpG) had up-
regulated the expression of several pro-inflammatory cytokines such as IFN-vy, IL-
2, and the chemokine receptors IL-1R and IL-12R, whilst down-regulating IL-4, a
cytokine known to promote Th2 polarization. The group receiving Qf clustered
closer to Qp(o) instead of QP(CpG). Differences were especially seen for the

cytokines IL-10, CCL2, and IL-1 to name a few.
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Figure 111.9: Immunisation with the different VLPs leads to distinct Cytokine production

Expression data (multi mapped counts per million) of selected Cytokines 24h post
immunisation in splenic DCs. Hierarchical clustering of top 30 differently expressed
cytokines. Clustering calculated based on the Euclidean distances using complete linkage
clustering.
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In order to validate the mRNA expression of cytokines, key cytokines secreted by
splenocytes 24h following in vivo immunisation were then measured by Milliplex
(figure III.10). It was observed that overall, QB(CpG) induces higher levels of
secretion of several inflammatory and some anti-inflammatory cytokines. Most of
the cytokines followed the same trend seen in the RNAseq data, others such as
IFN-y had shown an opposite pattern among the groups. Likewise the RNA
expression data, pro-inflammatory and Th1 chemokines such as CCL2, IL1-a IL1-
b, IL-6 where secreted in higher levels by QB(CpG) as well as anti-inflammatory
cytokines such as IL-10. The Th9 promoting cytokine IL-9 on the other hand, was
produced in higher levels by the QB and Qp(o) groups, confirming the RNA
expression data and showing the dominating Thl-biased response induced by
CpG. As previously mentioned, contrary to the RNA expression data, IFN-y was
mostly produced in response to Q3 containing RNA, which could be an indication
that there are other cells than DCs producing IFN-y in response to the RNA
compared to CpG. However, the mRNA expression had not been independently

confirmed by other method.
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Figure lI.10: Immunisation with the different VLPs leads to distinct Cytokines
production

Secreted cytokines by splenocytes 24h post immunisation. Values represented as mean +

SEM. N=3 mice per group.

Aiming to identify cytokines produced 24h post immunisation that could be
correlated to T cell responses, a pairwise correlation analysis of the average
cytokine production and outcome of T cell responses as measured by tetramer
staining was performed. The correlation matrix (figure II1.11) showed that the
tested variable of tetramer staining was positively correlated to IL-6, IL-10, IFN-y,
CXCL10, CCL2, IL-1a, IL-1b, CXCL1, and TNF-a. The cytokines IL-9 was

negatively correlated to tetramer staining while the cytokines CXCL2, CCLS3,
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CCL4, G-CSF did not reach statistical significance (p<0.01). Cytokines IL-2, IL-4,
IL-7, IL-12p40, and IL-12p70, IL-15 had also been measured but were below the

detection limit of the assay.

Interestingly, B type CpG had been consistently described as an inducer of IL-12
secretion™, namely when testing in an in vitro setting. In our live experimental
setting however, we were unable to detect IL-12 at this time point. It was also
observed higher production levels of GM-CSF in the QB(CpG) receiving group, a
cytokine that is critical for DCs activation and is typically produced by naive T
cells and NK cells=. This data shows the complexity of the orchestration of T cell
responses in response to vaccines and the complex cross-modulation of innate and

adaptive immune system.
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Figure I11.11 — Correlation matrix of cytokine production and CTL responses

Correlation matrix of cytokines secreted by splenocytes 24h post immunisation. Positive
correlations are displayed in blue and negative correlations in red colour. Colour intensity
and the size of the circle are proportional to the correlation coefficients. Legend colours
shows the correlation coefficients and the corresponding colours. Correlation calculated

using Parsons coefficient. Correlations with significance p>0.01 are depicted in white.
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3.4.6 CCL2 modulates CD8+ T cell responses induced by QB(CpG)

Considering the evident up-regulation of CCL2 mRNA on DCs, the higher levels
of CCL2 in the supernatant of splenocytes from mice immunised with QB(CpG)
(figure II1.8 A and B, respectively) and the positive correlation of CCL2 production
and T cells responses (figure II11.11) we sought to investigate the role of CCL2 in

CTL responses.

First we had investigated activation makers in BMDCs from CCL2-/- mice in
response to VLPs. CD86 upregulation was reduced in response to both Qf and
QP(CpG). To evaluate the impact of CCL2 in CTL responses, sex and age matched
CCL2-/- mice and WT counterparts were immunised with QB-p33 or QB(CpG)-
p33. T cell responses were subsequently assessed 7 days later. CCL2-/- mice had a
marginally reduced CTL response with a reduction in the clonal expansion of p33
specific T cells (figure I11.12.D). In addition to that, the capacity of those cells to
produce IFN-y was reduced compared to the WT (figure III1.12.E). The reduced
response was interpreted as an evidence of a modulatory effect of CCL2 on the T

cell response.
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Figure 111.12: CCL2 is up-regulated in DCs immunised with QB(CpG) that modulates CTL
responses

A) Fold induction mRNA expression of CCL2 in comparison to QB (o). Data is represented as
mean fold change. N=3 mice per group. B) CCL2 secreted by splenocytes 32h post
immunisation. N=3 mice per group. C) CD86 expression on BMDCs pulsed with VLPs for 3h
p33-specific tetramer staining of CD8+ T cells. BMDCs were generated from pooled bone
marrow from 2 mice. 3 individual replicates per condition. D) Tetramer staining of CD8+ T
cells 7 days post immunisation. E) ICS staining of CD3*CD8* T cells 7 days post vaccination.
6h stimulation with p33 peptide. Data represented as Mean + SEM of 2 combined
experiments. Statistical analysis was performed by calculating the Z score of the combined
p-values of the two independent experiments. *p<0.04.

CCL2 acts as a pro-inflammatory chemokine regulating the trafficking and
homeostasis of immune cells such as DCs and T cells~. Firstly, the trafficking of
immune cells to the spleen following immunisation was investigated. Spleens
were collected on day 1 in order to assess the percentage of activated DCs, and T
cells counts were measured on day 7 by flow cytometry. There were no observable

differences in the percentage of DCs on day 1 and T cells on day 7 of spleens from
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CCL2 KO and WT. Therefore, ruling out inefficient trafficking of DCs and T cells
as the cause for the differences observed in the T cell responses of CCL2 KO and

WT (not shown).

3.47 QB and Q B (CpG) induce low-levels of IFN- « in vivo

The essential role of the type I IFN in the orchestration of VLP-induced CTL
responses has been previously demonstrated by Keller et al. In the referred paper,
CTL responses induced by VLPs containing either RNA or CpG in mice lacking
the IFN-a and  receptor (IFNaBR) were completely abolished”, indicating a role
for type I IFN responses. With that in mind, we wanted to investigate the role of
type I IFN in our system hoping to understand how immune responses triggered
by B-type CpG were dependent of IFNafR, considering that B-type CpGs have
been consistently shown to be poor inducers of IFN-a. Our initial assumption was
that differential endosomal trafficking of the free B type CpG in comparison to the
packaged version would result in IFN-a production, as previously discussed in
section 3.3.1. However, we found no IFN-a production induced by QB(CpG) in
comparison to the free form of the CpG in vitro (not shown). In the pertinent
literature, IFN-a production in response to CpGs are often measured using in vitro
techniques, which may not represent the complexity of the in vivo responses that
govern vaccination outcome. With those limitation in mind, we set ourselves to

attempt measuring type I IFN responses in vivo.

Analysis of the transcriptional reprogramming of DCs has demonstrated a
characteristic type-I IFN signature induced by both VLPs containing TLR ligands
(figure I11.14). Both QP and QB(CpG) induced upregulation of several interferon

stimulated genes (ISG) such as Ifi44, Ifitl, Ifit2, ISG15, GBP family, Oasll, and
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Oasl2 in comparison to QP(0). To assess IFN-a production in vivo, we have

immunised mice and collected serum in the early time points of the response (6h,

12h, 24h), however, circulating levels of IFN-a in the serum of immunised mice

were below the detection limit of commercially available ELISA Kits of 31.5 pg/mL

(not shown).

- IHEEEs
Figure 111.14: Type | IFN response induced in DCs by Q8

Group
Gbp2ps [ 2 M QR(CpG)
Gbp11 QR(RNA)
Gbp4 1 QR(o)
Gbp2 0
Gbp2b
Gbp7 -1
Gbp3
Gbp5 2

ifi44

ISG15
QOasl1
CXCL10
Gbp10
Gbp6
Qasl2
ifit1

ifit2

A) Expression data (multi mapped counts per million) of ISG genes post immunisation in
splenic DCs with QB, QB(CpG) and QB(o). Clustering calculated based on the Euclidean

distances using complete linkage clustering.
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Considering the evident up-regulation of ISGs, it was then speculated that IFN-a
could either be produced and detected only at the local level, such as in lymphoid
organs including LNs and spleen, or that the circulating levels were simply too
low to be measured, which does not necessarily rule out a role for IFN in VLP-
induced responses. To test this hypothesis, the ability of serum from immunised
mice to induce ISG up-regulation in other cell types was measured. 3T3 cells
treated with serum were then tested for Iftil induction, showing that both VLPs
are indeed able to induce the IFN (figure III.15.A), supporting the assumption of
low levels of systemic type I responses. Moreover, by generating BMDCs and
treating such cells with VLP we had further confirmed that ability of VLPs to
trigger IFN-a production, with Qf containing RNA inducing higher levels of IFN-
alpha in the time-points of 24h and 32h (figure I11.15.B). Of note, it is important to
state that in vitro IFN-a production by BMDCs in response to QB(CpG) were
consistently close to the detection limit of the kit in previous experiments following
consistent techniques, with the exception of this experiment where values were
slightly above of the detection limit (31.5pg/mL). Nonetheless, the expected trend

of Qp inducing higher levels of IFN-a was observed.
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Figure 111.15: In vivo type | IFN response induced QB and QB(CpG) and in vitro IFN-a
production by DCs.

Type | IFN response in WT mice as measured by the induction of the ISG Iftil in 3T3 cells
post exposure to serum of immunised mice. N=5 mice per group. Serum was collected 24h
following immunisation. Fold change of gene expression in comparison to group receiving
QB(0). B) IFN-a production by BMDCs in response to QB and QB(CpG) measured by ELISA.
BMDCs derived from three mice. N=2 replicates per condition. IFIT1 induction and IFNa

production experiments were performed twice.

3.4.8 Type I IFN induced by Q 8 but not Q 3 (CpG) is modulated by the adaptor

molecule STING

Qp and QPB(CpG)-induced responses are strictly TLR dependent and are
completely abolished in a MyD88 KO as previously demonstrated by former
member of the group». However, recent literature had demonstrated a role for
other nucleic acid sensors in the modulation of the response triggered by TLRs and
such receptors are increasingly being targeted for the development of adjuvants
for vaccines. To evaluate the overall immune response and possible impact of

other PRRs in the immune response raised by VLPs, type IIFN and T cell responses
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were evaluated in mice lacking either the downstream adaptor of cytoplasmic
sensors of nucleic acid (i) Stimulator of IFN genes (STING) or the (ii) Mitochondrial
antiviral-signalling protein (MAVS). The molecule STING is an adaptor molecule
of cyclic guanosine monophosphate (GMP)-adenosine monophosphate (AMP)
synthase (cGAS), a cytoplasmic DNA sensor that upon activation leads to type I
IFN production (STING is also known as Tmem373 and Myps)=. MAVS, is the
adaptor of the receptor Retinoic-acid inducible gene (RIG-I), a cytoplasmic RNA-
helicase involved in the recognition of intermediary species of RNA replication,
such as dsRNA and the 5 phophastes of the RNA strand«. RIG-I activation also

leads to type I IFN production-.

Mice lacking either STING or MAVS molecules were immunised with QB-p33 or
QP(CpG)-p33 following the same immunisation protocols used throughout this
study. Serum was collected after 24h following immunisation and CTL responses
assessed on day 7. Serum from immunised WT and KO mice was tested regarding
the ability to induce up-regulation of ISG genes. We found that mice lacking
STING had a great reduction of type I IFN responses induced by Qp, while groups
receiving QB(CpG) had similar responses to the WT (figure II1.16.A). On the other
hand, no difference was found in type I IFN responses triggered in the MAVS KO

(figure I11.16.B).
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Figure 111.16: Type | IFN response induced in DCs by QB containing prokaryotic RNA is
modulated by STING.

A) Type | IFN response on the STING KO and B) Type | IFN response on the MAVS KO 24h
following immunisation, as measured by the induction of the ISG Ift1 in 3T3 cells. Data is
represented as Log2 scale of fold change and statistical differences analysed by t test. **

p>0.02. Data is representative of two independent experiments.

p33-specific CTL responses were measured by tetramer staining and cytokine
production 7 days after immunisation. Unexpectedly, CTL responses in the
knockouts were found to be marginally increased (figure II1.17). Both MAVS and
STING KO had a consistent but not significant tendency of producing higher levels
of IFN-vy (figure II1.17.B) and TNF-a (figure II1.17.C) in accordance to an increase

on the p33-specific CD8+ T cells (figure I11.17.A).

Hoping to investigate the seemingly increased CTL responses in the KOs, we
wanted to address the interplay between TLR-induced responses and STING.
Pathogen-derived RNA has been shown to activate type I IFN pathway in a
STING-dependent manner in a Staph. aureus infection model, and a pro-
inflammatory program via TLR, which was found to result in IL-1p secretion. In

this model, STING-mediated IFN responses were found to reduce IL-1f3 secretion
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and protection was improved in the absence of STING+. Considering that
QP(CpG) induces higher levels of IL-1a and IL-1 (figure I11.10) and lack of STING
only influenced type I IFN production in response to Qf but not QB(CpG), we
wanted to investigated whether STING was influencing IFN-a, IL-1p production,
and CTL responses in a similar fashion. Taking into account the low systemic levels
of cytokines in response to VLPs, BMDCs from WT and STING KO mice were
generated. BMDCs were then pulsed with VLPs and IL-13 and IFN-a production
were measured 24h later. We found no differences in IL-1p production between
KO and WT (figure I11.17.D), IFN-a levels were lower in the BMDCs derived from

the STING KO; however this was not statistically significant. (figure I11.17.E).
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Figure 111.17 - CTL responses induced by VLPs is augmented in the absence of STING and
MAVS

A) p33-specific tetramer staining of CD8+ T cells and B) IFN-y and C) TNF-a as measured by
ICS staining of re-stimulated CD3*CD8&8* T cells 7 days post vaccination. Data represented as
Mean + SEM. Data is representative of 3 independent experiments. Depicted experiment
had 3 mice per group. D) IL-1B production and E) IFN-a production by WT and STING
BMDCs pulsed with 100ug/mL of QB or QB(CpG) for 24h. Data represented as mean + SEM.
BMDCs derived from 3 mice. N=2 replicates per condition. Statistical significance was
measured by two tailed t-tests followed by Bonferroni-Dunn’s correction for multiple

testing. *p<0.01.
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3.4.9 Immunisation with Q 8 (CpG) reduces the expression of inhibitory molecule

on tumour infiltrating lymphocytes

As previously discussed, in order to induce appropriate T cell responses it is
necessary to provide concomitantly to activation signals, co-stimulation and pro-
inflammatory cytokines. In addition to that, regulatory network of T cells also
counts with inhibitory molecules that can hamper CTL responses even in the
presence of stimuli. To date, several T cell inhibitory molecules have been
identified and such molecules are often targeted for pharmacological
interventions. An example of that is the superior T cell responses induced by
immunotherapy administered in combination to checkpoint inhibitors such as the
monoclonal antibodies developed against the programmed death receptor 1 (PD-
1) and the cytotoxic lymphocyte associated protein 4 (CTLA-4)*. Considering the
great therapeutic value and the importance of inhibitory molecules in the overall
CTL responses we wanted to evaluate the expression of such molecules that might

inhibit T cells in our model.

To that end, based on the current literature, the expression of the known T cell
inhibitory molecules CTLA4, BTLA, PDCD-1, Lag3, CD274, and CD101 that are
expressed on DCs were analysed in response to the three vaccines QB, QB(CpG)

and Qp(o) (figure II1.18).
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Figure 111.18 — Expression of inhibitory molecules of T cell activity on DCs is altered in
response to immunisation

Expression data (multi mapped counts per million) of genes coding for inhibitory molecules
post immunisation in splenic DCs with QB, QB(CpG) and QB(o). Clustering calculated based
on the Euclidean distances using complete linkage clustering.

From the inhibitory molecules analysed, CD101 (also known as V7) was markedly
down-regulated on DCs immunised with QB(CpG) (figure II1.18. and II1.19.A).
Next, it was sought to validate the expression of CD101 in vivo. To that end, WT
mice were immunised with the three formulations of VLPs and the expression of
CD101 24h after immunisation was assessed. CD101 expression was tested on
splenic and lymph node (LN) resident DCs and no differences on the expression

of this molecule could be observed (figure I11.19.B).

Considering that CD101 inhibits T cell responses by two distinct mechanism — i.e.

either through direct CD101 activation on DCs, which results in IL-10 production
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or yet, through direct activation on T cells, by blocking Ca*influx in response to
TCR/CD3 engagement* —the expression of this molecule on CD8+ T cells was also
investigated. Moreover, considering the previously discussed therapeutic value of
blocking inhibitory molecules in immunotherapy, the expression of CD101 on

tumour infiltrating lymphocytes (TIL) and tumour resident DCs was assessed.
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Figure 111.19 — CD101 expression and T cell responses

A) CD101 mRNA expression on DCs 24h post-immunisation. Data expressed as the mean
fold change in relation to the control (QB(0)). n=3. Experiment was performed only once.B)
CD101 expression on splenic DCs 24h AND 32h post-immunisation. Data is representative
of 3 independent experiments. C) Adapted tumour transplantation and immunisation
schedule. 3 days following tumour transplantation, mice were immunised with 120ug of

QB(CpG)-p33 or QB as control. D) Tumour growth expressed in weight (mg). Data
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represented as mean + SEM. N=3. E) Percentage of CD101+ DCs in the tumour. F) Plot of
CD101 expression on tumour-infiltrating CD8+ T cells of immunised mice. Data represented
as mean + SEM. N=3. **p<0.03. Data on tumour is representative of 2 independent

experiments.

To that end, QB(CpG)-p33 was employed as a therapeutic vaccine in a murine
B16F10p33 melanoma tumour model. The experimental schedule is outlined in
figure II1.19.C.. 3 days following implantation of tumours (tumours previously
grown on RAG-/- mice - see figure S.10), mice were primed with either QB(CpG)-
p33 or control VLP. A homologous boost was given on day 6 and 10. On day 14,
control groups reached severity limited, determining the end point of the
experiment, tumours were then collected for further analysis. Mice receiving
QP(CpG)-p33 controlled tumour growth and were fully protected (figure I11.19.D).
Freshly isolated tumour infiltrating lymphocytes and DCs were stained for CD101
expression and analysed cytometry. Roughly 10% of tumour resident DCs were
CD101 positive, the same frequency found on spleen-derived DCs from healthy
mice (figure I11.19). About 8% of CD8+ TILs from control mice were expressing
CD101 while mice receiving the therapeutic vaccine had a marked reduction on
CD101 expression (figure IIL.19.F). This indicates that TILs recovered from
tumours controlled by immunotherapy may be more active to TILs from tumours

that grew unrestrained.

3.5 Discussion

Here, the modulation of the innate immune response mediated by VLPs packing

TLR ligands was investigated and characterised in the context of vaccinations. The
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outcome of immunisations employing PRR ligands was evaluated and correlated
to the early events promoted by the activation of DCs that are translated in the

orchestration of the subsequent adaptive responses mediated by T cells.

We have shown that packing CpGs into VLP alters the endosomal trafficking of
CpG. Packed CpG is retained for longer periods of time in endosomal
compartments before reaching lysosomes. This “re-routing” may mean that CpG
gets to interact with TLR9 for longer in the endosomes before reaching lysosomes,
which is shown to recruit different types of IRFs compared to set of IRFs associated
with lysosomes». Ultimately, the altered endosomal sorting may impact the
immune response as seen by differential IL-12 production by DCs and total
splenocytes in response to packed CpG. In addition to that, packing CpG
guarantees the delivery of the molecule to the relevant cells, namely APCs,
reducing side-effects and reducing the dose of CpG used in the formulations, as

previously discussed (section 1.6.1) and demonstrated by others.

The initial innate immune response mediated by DCs influences subsequent
adaptive immune responses. Here, the transcriptional reprograming that DCs
undergo in response to immunisation was characterised and we attempted to
correlate such findings to T cell responses. Functional analysis of the genes
expressed in response to the different formulations of VLP indicated important
immune pathways being differently regulated 24h post immunisation. This
analysis had provided a plethora of data that will likely support further work
beyond this thesis. Early cytokine production was correlated to T cell responses
and from the most relevant cytokines, knockout models were selected in order to

further evaluate those findings in a vaccination context.
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From those pathways, CCL2 was selected due to its marked distinct expression in
response to CpG and its relevance to the overall immune response. CCL2
chemokine produced by DCs 24h after immunisation modulates the quality of the
cytokines produced by T cells in a later stage of the response. We were however,
unable to stablish whether the effect was a result of CCL2 signalling on DCs or a
direct CCL2 signalling on T cells. CCL2 has been shown to support DCs
maturation* and the recruitment and modulation of IFN-y production by T cells>.
We reasoned that the small but significant reduction of cytokine production by T
cells may be a result of the redundancy of the chemokine system. CCL2 signals
through CCR2, a receptor shared with several other chemokines. The lack of CCL2
may have been compensated by re-modelling of the milieu of cytokines that
supports T cell responses. In addition to CCL2, other cytokines were positively
correlated to CTL responses in our model, including pro-inflammatory cytokines
and IL-10, a cytokine known for its anti-inflammatory activity on T cells. Although,
IL-10 has inhibitory activity of the immune response, our data supports recent
findings demonstrating a more complex behaviour of IL-10*. IL-10 analysed in the
complex the milieu of cytokine induced in vivo seems to support CTL responses,
by either modulating to response to avoid excessive immune activation or yet, by

controlling suppressive subsets of CD4+ T cells, as demonstrated by others*.

Both Qp and QP(CpG) induce a robust type I IFN signature 24h post
immunisation, however BMDCs pulsed with Qf produced higher levels of IFN-a
in comparison to QB(CpG). We reasoned that type I IFN responses are important
for the immune response raised by Qp and QB(CpG).However, considering the

similar pattern of ISG expressed by DCs, type I IEN is likely to be a common
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regulator of the immune responses raised by both VLPs and therefore not
responsible for the major differences in the T cell responses raised by each vaccine.
This assumption is based on the previously published findings that T cell
responses against VLPs containing RNA or CpG are completely abolished on a
IFNaR KO~ which indicates the essential role of type I IFN for T cell responses

induced by both RNA and CpG.

Cytoplasmic nucleic acid receptors are often associated with recognition of
intermediates of pathogen replication such as dsRNA and DNA in the cytoplasm,
which are often not present during immunisations containing VLPs, as VLPs are
replication incompetent. In addition to that, VLPs mostly deliver their nucleic acid
content to the endosomal compartment instead of the cytoplasm, which can shield
the recognition of the nucleic acids by cytosolic sensors. Our data however,
revealed a role for STING in the orchestration of type I IFN responses elicited by
Qp containing RNA. STING being the downstream molecule of cGAS, a DNA
sensor, has been shown to not influence the production of IFN in response to RNA
in vitro=. Interestingly however, mice lacking cGAS were more susceptive to a
lethal challenge by the RNA virus West Nile, showing that cGAS-STING may play
an indirect role in the in vivo immune response elicited by RNA®. Furthermore,
different reports had demonstrated a role for cGAS and RIG-I in response to non-
replicative pathogens, including VLPs*=. The suggested mechanism for RIG-I and
cGAS engagement even in the absence of their ligands is through the recognition
of cellular and mitochondrial stress®. We reasoned that the reduced type I IFN
responses in the STING KO in response to Qf is unlikely to be a result of direct
activation of the RNA packed into the VLP, but instead a secondary response
triggered by the TLR. Several reports have shown the interplay and cross-

modulation between TLRs and cytosolic sensors in other models.
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The previously described T cell inhibitory molecules CD101 was shown to be
downregulated at the RNA level on DCs upon immunisation with QB(CpG).
However, we have found no differences of the expression of the molecule on the
surface of DCs post immunisation. Interestingly however, we have shown that the
expression of this molecule is reduced in TIL from tumours that are controlled by
therapeutic immunisation. CD101 expression on DCs leads to IL-10 production, an
anti-inflammatory cytokine. On T cells on the other hand, CD101 engagement
reduces the strength of TCR/CD3 signalling=. By demonstrating that this
inhibitory molecule is differently expressed in tumours that are controlled by
therapeutic immunisation compared to untreated tumours, we may have found
one of the mechanisms by which QB(CpG) controls tumour growth, however this
should be assessed in future work. This observation may contribute for future
work on characterising the expression in tumours and the use as a therapeutic

target to boost T cells fitness and responses in immunotherapy against tumours.

In summary, this work contributes to the understanding of DC-mediated immune
responses and further establishes the potential of VLPs to modulate the response
and adequate it to the different types of offenses that the immune is subjected to.
Finally, we have contributed to the notion that immune responses are orchestrated
by a complex milieu of cytokines and immune cells and that there are several
processes happening in parallel that interact and shape the overall response.
Understanding such process is a challenge but rewarding endeavour as many
therapeutic targets and basic knowledge can be derived from research of this kind.

Moreover, VLPs and CpG are currently being employed for clinical use, especially
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in vaccine formulation. We hope to contribute to the understanding of the immune

activity of both compounds and facilitate their use as vaccines.
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Chapter IV: Innate Pattern Recognition Receptors and IgG

class Switching — Implications for vaccine design

4.1 Introduction

Influenza is a worldwide concern for public health and, in spite of widespread
immunisation programs in place, annual epidemics and occasional pandemics still
occur. Around 3 to 5 million cases of the severe form of the disease are registered
every year with estimated mortality rates between 6 to 20%. Out of the four types
of seasonal influenza only type A and B are of public health concern according the
WHO Influenza surveillance program. Type A is the most common circulating
strain and is further classified according to the envelope proteins of the virus;
neuraminidase (NA) and hemagglutinin (HA). Currently, there are two caveats
regarding the vaccines developed against type A Influenza. Firstly, all the vaccines
approved are based on inactivated, split or live-attenuated viruses. The live
attenuated vaccine may carry the particular problem that some of the risk groups
for influenza virus infection are also groups with heightened risks of side effects
upon immunisation with live vaccines, such as immunocompromised subjects.
Secondly, the circulating strains used for vaccine formulation are often unable to
protect against emerging strains of the virus. Indeed, the deadly Influenza
pandemics thus far resulted from emerging viruses that underwent antigenic shift

usually by exchanging HA with other circulating strains:.

Antigenic targets for Influenza vaccine development
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In addition to HA, the influenza virus envelope contains two other major proteins,
NA, and the M2 ion channel. HA is the immunodominant protein of the viral
envelope and in natural Influenza infections, the response is dominated by anti-
HA antibodies compared to the other proteins. Nonetheless, M2 has been shown
in preclinical models to be similarly protective as HA-based vaccines. Considering
the high mutation rate of HA, it would be beneficial to generate vaccines able to
induce a protective response against more conserved structures such as the fusion
loop of HA and the extracellular domain of M2, that unlike the globular domain
of HA are shown to promote protection against multiple strains and across
different clades. Moreover, by developing recombinant vaccines instead of
inactivated or attenuated ones, the associated risk of tolerability issues is likely to

be reduced.

M2 is a homo-tetramer integral membrane protein and its extracellular domain
(M2e) is highly conserved across most of the Influenza A strains. Moreover, M2e
has remained relatively unchanged throughout the major influenza pandemics,
which renders M2 an antigenic alternative for a vaccine with broader spectrum of
protection against a broad range of Influenza strains. Importantly, M2 is poorly
immunogenic during natural infection and antibodies raised by whole virus
vaccines are mostly dominated by anti-HA antibodies and anti-M2 antibodies
remain largely absent. Hence, there is basically no pressure on M2e to generate
antibody escape mutants, partially explaining why the extracellular domain of M2
is so well conserved. In contrast to conventional vaccines and natural infection,
active immunisation employing M2 as antigen has been shown to confer
protection when administered in combination with adjuvants in murine, ferrets,

and macaques models*. The main argument in favour of developing M2-based
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vaccines does not lie in replacing the annual vaccination programs against
influenza epidemics with the whole virus vaccines. Rather, developing M2-based
vaccines could stand as the best alternative to control newly emerging strains in
particular for pandemic threats that may not be controlled by HA-based vaccines
as they usually are only released for use in humans after the peak of the pandemic.
Thus, M2e-based vaccines may be a valuable and perhaps pivotal addition to

conventional flu immunisation programs.

It has been previously demonstrated by different groups that heterologous Virus-
like particle (VLP) displaying M2e confers protection in an mouse adapted
influenza challenge and promotes cross-protection to virtually all the circulating
Influenza strains === Therefore, with the aim of producing an universal vaccine
against pandemic Influenza, we wanted to further investigate optimal strategies
to increase the immunogenicity and induction of protective IgG subclasses of M2-
based vaccines by using VLPs.

For M2-based vaccines, it has been demonstrated that protection is mediated not
through direct viral neutralisation, but rather through Fc-y receptor interaction of
M2e-specific antibodies with innate immune cells. Therefore, the quality of the
humoral responses (e.g. dominant IgG subclasses) and not only the magnitude of
the response induced by M2-vaccines may be crucial to provide protection:. The
importance of IgG subclasses has been demonstrated usining M2e specific
monoclonal antibodies with identical variable regions but fused to murine IgG1 or
IgG2a. The IgG2a monoclonal antibodies were much more potent at protecting
against mortality and morbidity in an influenza virus challenge, owing to the

distinct effector interaction capacities of the Fc-y portions of the IgG subclasses. In
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addition, it was demonstrated that isotype switching to the protective form IgG2
is strictly TLR7 dependent, and TLR dependent isotype switching to IgG2 was
crucial for protection and reduction in morbidity in influenza vaccines. The same
findings regarding the importance of TLR stimulation by influenza vaccine has
been shown with other vaccine formulations employing HA as an antigenic target,
further establishing that TLR stimulation is important for the control of the disease

and not a requirement restricted to VLP-based vaccines.

VLP based vaccines against Influenza

As extensively discussed throughout this thesis, VLPs are an attractive vaccine
platform due to their excellent safety profile associated with high immunogenicity
and relatively low production costs under GMP standards*. Their high
immunogenicity is due to the virus-like surface structure and, in some cases, the
presence of nucleic acids derived from the host cell expression system. RNA is
often co-packaged into VLPs derived from RNA phages as the poly-anionic
molecules are involved in the assembly and stability of the particle®. During
process development, the choice of expression system usually revolves around
yield, cost and sometimes the convenience of familiarity with the system and
techniques in place. This strategy, however, usually fails to evaluate the impact of
the production process on the immunogenicity of the particle. For instance, the
most common platforms for protein production are E. coli or eukaryotic systems
such as insect cells, yeast or mammalian cells. However, the secondary
modifications in the nucleic acid of each of the expression system vary greatly, thus

possibly resulting in different immune responses due to differential TLR7 and
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RIG-I/MVAS agonistic capacity, thus impacting the subsequent efficacy of the

vaccine.

The ability to recognise pathogens as foreign and potentially dangerous is an
important feature of the immune system and it is promoted by several pattern
recognition receptors (PRRs) such as Toll-like receptors (TLRs) and cytoplasmic
nucleic acid receptors, such as the retinoic acid inducible gene I (RIG-I) and cGAS.
These sensors orchestrate the immune response by triggering transcriptomic
programs that result in cytokine production, cell recruitment and maturation, and
ultimately promotes inflammation or tolerance. VLP-induced isotype switching
from IgM to IgG2b/c is promoted by dual engagement of BCR and TLR in B cells
following uptake of VLPs containing RNA®=. There is evidences that prokaryotic
and eukaryotic RNAs of different classes (e.g. rRNA, mRNA, and tRNA) despite
all being TLR7 agonists, have distinct capacities to activate and induce cytokine
production in DCs in vitrom». However very little evidence for the same has been
gathered in vivo and even less is known whether these observations would impact
the protective immune response induced by vaccines. Considering the pivotal role
of TLR7 signalling in B cells for efficacy of vaccines against influenza we wanted
to evaluate the impact of different classes of RNA in the formulation of VLP based

vaccines.

In the present study we demonstrate that not only the presence of the TLR7 ligand
is important to promote isotype switching to IgG2 but also the level of secondary
modifications of the TLR ligand employed. We observed that RNA secondary
modifications affected B cell responses in a strictly TLR7-dependent fashion, while

cytoplasmic receptors were not involved in the process. The results presented here
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support M2-based vaccine as a highly efficacious influenza vaccine. Moreover, we
further elucidate the versatile nature of VLPs as a vaccine platform able to

rationally modulate and skew the humoral immune response.

4.2 Experimental approach and Research

4.2.1 Experimental approach

A panel of VLPs containing RNAs with different levels of secondary modifications
was developed. Mice were immunised with QB VLP containing different types of
RNA and an universal influenza epitope. Inmune response and vaccine efficacy

were assessed.

4.2.2 Research questions

1. What is the impact of the source of RNA in the quality and magnitude of
the immune response elicited by VLPs?

2. Do different types of RNA impact markers of activation of B cells and DCs?

3. Do the differences observed in the immune response impact the efficacy of

the vaccine in an Influenza challenge model?

4.3 Material & Methods

A complete list of materials and reagents, suppliers and catalogue codes utilised

on this thesis can be found on the supplementary materials (Table S.3 to S.7).

156



4.3.1 Qp preparation

VLP derived from the coat protein of the bacteriophage Qf were recombinantly

expressed in E. coli and purified as described on section 1.3.1.

Disassembly of Qf VLPs - QP VLP was disassembled by reducing disulphide bonds
with 10 mM DTT and RNA was precipitated with 0.7M MgCL. The solution was
centrifuged 10 min at 14000xg at 4 'C (Eppendorf 5810 R, in fixed angle rotor A-4-
62) to remove the precipitated RNA from the solution. The supernatant, containing
the released, dimeric Qf coat protein, was used for the chromatographic

purification steps.

Purification of QB coat protein - The supernatant of the disassembly reaction was
loaded onto a cation exchange SP-Sepharose FF column (GE Healthcare) and
eluted in ionic gradient. In a second step, the isolated Qf coat protein was loaded
onto a size exclusion Sephacryl 5-100 HR (GE Healthcare) column equilibrated

with 20 mM sodium phosphate / 250 mM sodium chloride, pH 7.2.

RNA extraction — Total eukaryotic RNA was extracted from confluent HEK 293
cells, total prokaryotic RNA from E. coli and tRNA purchased from yeast (Sigma).
Extraction was carried out using the phenol-chlorophorm method. Quality of
RNA was assessed by 1% agarose gel and quantified by Qubit according to

manufacturer’s instructions.

Re-assembling QB VLPs - Purified coat protein in reducing conditions was mixed
with 100 nmol of RNA in 50% DMSO. The solution was then dialysed at room
temperature against 500 ml of PBS, pH 7.2, using a 3.5 kDa cut off dialysis
membrane. HO. was added to 7 mM final concentration and the solution

incubated for 1h to induce the formation of disulphide bonds. After 1h, VLPs were
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dialysed against 500mL of PBS at RT. Re-assembling was assessed by agarose gel,

DLS and EM.

Vaccine preparation and peptide sequence- M2 peptide SLLTEVETPIRNEWGC-azide
were coupled to QB VLPs through the copper-free click chemistry crosslinker

DBCO following instructions of the product (Sigma).

4.3.2 Electron microscopy and Dynamic light scattering

Suspensions of VLPs were adsorbed on carbon-formvar coated copper grids, 400
mesh (Agar Scientific) and stained with 1% uranyl acetate (pH 6.8). The grids were
examined with a Tecnai T12 microscope. VLP samples were diluted to 0.3 mg/mL
with in 20mM HEPES buffer and analysed at room temperature with a Malvern
Zetasizer Nano ZS (Malvern) equipped with a He-Ne laser (633 nm). Data analysis
was with DTS software (version 4.2), using a non-negatively constrained least
squares (NNLS) fitting algorithm. Dispersant refractive index and viscosity of the

dispersant were assumed to be 1.33 and 1.02 cP, respectively.

4.3.3 LPS and RNA content of preparations.
Final preparations of the vaccine were tested for endotoxin content using the
Pierce LAL chromogenic LPS test (Thermo Scientific) following the manufacturer’s

instruction.

RNA was measured by densitometry on a 1% agarose gel stained with SYBR safe
and confirmed by Quant-It RNA HS kit and Qubit fluorimeter (Thermo Scientific)

according to manufacturer’s instructions.

158



4.3.4 Animals and immunisations

All mice used in this study were bred in specific pathogen-free (SPF) conditions.
This study was carried out in accordance with the recommendations of the
Animals (Scientific Procedures) Act 1986 (ASPA) and European Directive
2010/63/EU on the protection of animals used for scientific purposes and in
accordance with the Swiss Animals Act (455.109.1) (September 2008, 5, University

of Bern). Wild-type C57BL /6] mice were purchased from Envigo.

The C57BL/6 MAVS+ (also known as Cardif-) mice were provided by Jan

Rehwinkel and it have been described elsewhere.

For antibody responses, mice were immunised s.c. with 50ug of QB(pRNA)-M2e,
Qp(eRNA)-M2e, or QB(tRNA)-M2e and serum collected on day 10 from the lateral

tail vein.

4.3.5 ELISA

M2e-specific antibodies were measured by coating plates with 5ug/mL of the
M2e peptide crosslinked to the carrier protein RNAse. Peptide and carrier
protein were crosslinked using SMPH and following the manufacturer’s
instructions. VLP-specific antibodies were measured by coating Immunoplates
(NUNC) with Qp VLPs at 2.5ug/mL, diluted in carbonate-bicarbonate coating
buffer overnight and blocked with 2% BSA in PBS-T. Immune serum was serially
diluted 12x (2-fold dilution) starting at 1:50 for IgG1 and 1:100 for IgG, IgG2b
and IgG2c. Subtypes were detected with HRP-conjugated goat anti-mouse IgGl,
IgG2b and IgG2c antibodies (all from Thermo Fisher), diluted to 1:3.000. TMB
solution was added and reaction halted with 0.1IM H.SO.. Absorbance was

immediately read at a wavelength of 450 nm.
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4.3.6 Type | IFN response measurement
ELISA — Serum from immunised mice was tested following manufacturer’s
instruction. The ELISA Kit was purchased from Thermo Fisher with the sensitivity

range of 31-2,000 pg/mL.

IFIT induction on 3T3 cells - Mouse type I IFN levels in the serum was measured by
incubating 3T3 cells seeded with 25ul of serum from immunised mice. Cells were
incubated for 3h with serum. Following incubation period, cells were immediately

prepared for RNA extraction.

4.3.7 qPCRs

Total RNA was isolated using the RNAeasy Mini Kit (Qiagen) with in column
DNA digestion. cDNA and non-RT controls were synthesised using the iScript
cDNA Synthesis kit (BioRad). Quantitative RT-qPCR was performed in duplicate
using SYBR Green Master Mix (BioRad) on an CFX connect machine (BioRad).
Results were analysed with a CFX Maestro Software (BioRad) employing the

comparative Ct methods GAPDH as the endogenous normalisation control.

Table IV.1 — Primer sequence

Gene Forward Reverse Supplier

IFIT1 5’AGAACAGCTACCACCTTTAC 5’ TTCTTGATGTCAAGGAACTG Sigma

GAPDH gMmuCEP0039581 (Assay ID) sequence not provided by the BioRad
supplier
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4.3.8 Cytometry

VLP uptake - QB VLPs were labelled with AlexaFluor 647 or PE containing the NHS
reactive group as instructed by the manufacturer (all from Thermo Fischer).
C57BL /6 mice (9-12 weeks old; Envigo) were injected s.c. with 30 ug of fluorescent

VLP and peptide into the hind leg.

Popliteal and inguinal LNs were isolated and a single-cell suspension was
prepared by incubating LN with 1 mg/mL collagenase D (Roche) and 0.04 mg/mL
DNase I (Boehringer) in 5% FSC containing DMEM, for 30 min at 37°C. Organ
pieces were passed through a 70-um cell strainer and stained for cell-specific
markers. The following fluorochrome-labelled antibodies were used: anti-CD11c,
anti-CD317, anti-CD8a (all from eBioscience), anti-F4/80, Live/Dead Aqua cell

stain (all from Life Technologies, Thermo Fisher Scientific).

4.3.9 Influenza challenge

C57BL/6 mice were immunized s.c. on days 0 and 14 with 50 pug with either
QP(pRNA)-M2e or Qp(eRNA)-M2e or as a control with 50 ug of QB. On day 21,
mice were bled in order to determine anti-M2 IgG or subclass antibody titres by
ELISA. Mice were then challenged at the indicated time point with a lethal dose
(2xLD50) of mouse-adapted influenza A virus PR8 (HIN1 strain was kindly
provided by Dr. Manfred Kopf, ETH Zurich). Following the challenging, body
weight and temperature of was monitored daily at the same time of the day.
Experimental end-point was determined based on body temperature reaching

30°C or loss of 30% of their initial body weight, when mice were euthanized.
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Aiming to reduce the number of animals used in this study and the potential
suffering imposed to the animals, we made the decision not to include VLPs
containing tRNA in the challenge, as the overall IgG titres were lower and specially
owing to the similar IgG2/IgG1 ratio between VLP containing eukaryotic RNA
(eRNA). Considering that our primary null hypothesis was that the ratio of
IgG2/1gG1 does not affects the protection conferred by the vaccine, it was
reasoned that QB(eRNA)-M2e versus QB(pRNA)-M2e would provide enough
evidence to assess the validity of the hypothesis.

Influenza challenge models were performed in collaboration with Elisa Roesti

(University of Bern).

4.3.10 Statistical analysis

Antibody titres were represented as OD50 (dilutions that reached half the
maximal OD observed for the assay). Data was examined by ANOVA (whenever
ANOVA F statistics were significant, p<0.05) followed by multiple T test
corrected by Bonferroni correction. Differences were considered statistically

significant at P < 0.03.

Survival rate was analysed by Log-rank (Mantel-Cox) test.

4.4 Results

4.4.1 VLPs packaging eukaryotic mRNA fail to promote isotype switching at the

same levels as prokaryotic mRNA

162



VLPs and other classes of nanoparticles induce a humoral response dominated by
IgG1 in the absence of packed RNA in mice=. Whilst in the presence of ssRNA
derived from E. coli the humoral immune responses are dominated by the IgG2
subclass. To confirm the capacity of other classes of RNA to promote IgG2-skewed
responses, we have generated VLPs derived from the bacteriophage Qp packing
prokaryotic RNA from E. coli, eukaryotic RNA from HEK 293T cell line, and yeast
derived tRNA by in vitro re-assembly of the VLPs. The integrity of VLPs was
assessed by electron microscopy, dynamic light scattering (DLS) and native
agarose gels demonstrating that Qp re-assembled with the three classes of RNA.
Each having similar icosahedral shape, sizes of approximately 30 nm, as measured
by EM (figure IV.2.A) and DLS, and similar negative net charge as measured by C
potential. Moreover, similar amounts of RNA were packaged regardless of the
class of VLP (figure IV.2.B) as assessed by the charge-dependent migration pattern
in a native agarose gel. After assessing the quality of VLPs, the three formulations
were coupled to the M2e peptide derived from the extracellular domain of the
conserved M2 protein from Influenza A strain=. The three VLPs are henceforth
represented as QP(pRNA) for prokaryotic RNA, QP(eRNA) for eukaryotic

messenger RNA (mRNA) and QB(tRNA) for eukaryotic transfer RNA (tRNA).
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Figure IV.2: Vaccine preparation and characterisation

A) Electron micrograph of re-assembled VLPs. QB VLP containing eukaryotic RNA (eRNA),
prokaryotic RNA (pRNA) and tRNA (tRNA) have similar structure and size. B) Native analysis
of RNA and protein content of re-assembled VLPs. Upper panel showing SYBR staining and
bottom panel showing protein staining of same agarose gel. C) Similar coupling efficiency
of different VLPs and M2 peptides on a reduced SDS-PAGE gel electrophoresis. D)
Characterisation of VLPs. Size was taken as an average of values obtained in the EM images
and by DLS. Z potential was measured by DLS and is expressed as mV. LPS content

expressed on endotoxin units (EU) per milligram of VLP. RNA content per mg of VLP.
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Vaccines had also been characterised in terms of the LPS content to rule out
additional TLR stimulation. All the formulations had similar LPS concentration
lower than <0.5 EU dose of vaccine, excluding LPS as variable affecting the

relevant immune responses.

To evaluate the impact of the packaged RNA on the IgG2/IgGl1 ratio after
immunisation, C57Bl/6 female mice were immunised s.c. with 50ug of the
respective QB VLP and the total IgG and indicator subclasses against VLP and M2
peptide were assessed 10 day later by ELISA (figure IV.3). VLPs containing
different classes of RNA had induced distinct humoral responses with different
ratios of isotypes. Likewise, the type of response against the peptides coupled to
the VLPs followed the same pattern. QPB(eRNA)-M2e and QE(pRNA)-M2e
immunised mice had similar circulating levels of total IgG, while QB(tRNA)-M2e
had approximately a 10-fold reduction in the circulating IgG titres. To further
characterise the humoral responses, IgG1 and the two isotypic forms of IgG2 in the
C57BL/6 mice IgG2b and IgG2c were measured. In accordance with the
significantly lower total IgG levels, QB(tRNA)-M2e had lower levels in comparison
to the other groups, while QB(eRNA)-M2e and QP(pRNA)-M2e induced similar
levels of IgG2b/ ¢ but significantly different levels of IgG1 (p<0.03). Moreover, the
ratio IgG2/IgG1 was 3 times higher in the QB(pRNA)-M2e group compared to
both QP(eRNA)-M2e and QB(tRNA)-M2e demonstrating the superior capacity of

prokaryotic RNA at promoting the isotype switching to IgG2 over IgGl1.
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Figure IV.3 - Total IgG and subtypes and 1gG2/IgG1 ratio are influenced by the type of
RNA packaged by VLPs.

lgG, 1gG1, 1gG2b and IgG2c were measured by ELISA 10 days after s.c. immunisation with
50ug of VLP. QB(eRNA)-M2e induces significantly higher levels of antigen-specific 1gG1
compared to the two other vaccines (p>0.03) against VLP and M2. Ratios of IgG2b:lgG1 are
represented as isotype geometric mean titres. A) VLP-specific antibodies. Mean + SEM n=8
mice per group. B) M2-specific antibodies. Mean + SEM n=3 mice per group. OD50 with
titres defined as those dilutions that reached half the maximal OD observed for the assay.

The results are representative of 2 independent experiment.

4.4.2 Isotype switching promoted by VLPs is independent of MAVS

The isotype switching promoted by RNA recognition is attributed to direct TLR7
engagement in B cells. Recent literature however, suggests a role for cytosolic RNA
sensors in the modulation of the humoral response*. Secondary modifications in
the RNA is a prominent feature distinguishing prokaryotic RNA from eukaryotic

RNA recognized by cytoplasmic RNA sensor RIG-I. To investigate a possible role
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for RIG-I in driving IgG2 responses, mice lacking the RIG-I downstream adaptor
molecule MAVS were immunised following the same regimen and the IgG
subtypes were evaluated 10 days after immunisations (figure IV.4). For all the
parameters evaluated, MAVS knockout had similar levels of total IgG, IgG1 and

IgG2b/c, ruling out a role for RIG-I in the isotype switching mediated by

prokaryotic RNA in VLPs.
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Figure IV.4 — Isotype switching promoted by VLPs is independent of MAVS.

A) 1gG, 1gG1, 1IgG2b and IgG2c were measured by ELISA 10 days after s.c immunisation with
50ug of VLP in age and sex-matched MAVS knock-out and WT counterparts. VLP-specific
antibodies. Mean + SEM n=5. OD50 with titres defined as those dilutions that reached half

the maximal OD observed for the assay.

4.4.3 Activation of DCs and B cells

Although isotype switching is dependent of direct TLR7 engagement in B cells,
TLR7 and MyD88 expression on naive B cells has been shown to be modulated by
IFN-a produced by pDCs«. Considering that DCs also respond differently
according to the class of RNA, we wanted to assess whether DC responses would

be influencing B cells and isotype switching in our model.
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First, to confirm the concomitant uptake of QB VLP by different subsets of DCs
and B cells, mice were injected with VLPs coupled to a fluorescent label. 24h later,
draining lymph nodes were processed and immune cells analysed for VLP uptake
(figure IV.5). 4% of total macrophages (CD11c+F4/80+) were positive for the VLP.
Similar percentage of pDCs (CD11¢+CD317+) and ¢DCs (CD11c+F4/80- CD317-)
had taken up the VLP 20h post immunisation. Up to 1% of B cells were positive for

the VLP confirming the capacity of the VLP to interact with the different subsets

of DCs and B cells.

To test the early immune response mediated by DCs and B cells, mice were
immunised with 50ug of QB(pRNA), QB(eRNA) and QB(tRNA) s.c. and 20h later
serum was collect to evaluate circulating levels of IFN-a. Serum levels of IFN-«a
were first assessed by commercially available ELISA kits; however IFN-a levels
were below the detection limit of the assay (31 pg/mL). Considering that nucleic
acid containing VLPs are shown to induce IFN-a production in vitro, a more
sensitive test to determine type I IFN responses was employed. The 3T3 murine
cell line was incubated with serum from immunised mice and the IFN-dependent
induction of the ISG IFIT1 gene was measured by qPCR. Serum of immunised mice
induced different levels of IFIT1 gene depending on the type of vaccine received
(figure IV.4.B), with QP VLP containing prokaryotic RNA inducing comparatively

higher levels of the expression of the IFIT1 gene on 3T3 cells.

Next, we wanted to evaluate whether the type I IFN response was regulating key
markers of the immune response. TLR7 and CD69, two receptors that are up-
regulated in response to IFN-a were measured on splenic B cells 20h following

immunisation in order to analyse the activation state of B cell in vivo. We found
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that TLR7 was up-regulated on B cells from immunised mice (figure IV.4.C) when
compared to the naive, but there were virtually now differences in the expression
of TLR7 between QP(pRNA) compared to QB(eRNA) (figure IV.4.D) despite

strikingly different levels of IFIT1 induction.
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Figure IV.5 — TLR7 dependent immune response of B cells and DCs.

A) Interaction of VLPs with immune cells in vivo. Axis indicates the percentage of
macrophages (Mmo), pDCs, cDCs and B cells positive for E. coli-expressed QB 20h post
injection. Experiment is representative of 3 independent experiments. B) Induction of the
ifitl gene on 3T3 cells treated with serum of mice immunised with VLPs loaded with
different RNAs 20h post immunisation, measured by RT-qPCR. Data are presented as fold
changes compared to the average cells treated with sera of naive mice. Experiment was
performed only once. C) TLR7 expression in B cells (B220*CD19%) from immunised mice 24h
post immunisation. Experiment was performed only once. D) CD69 expression on splenic

169



B cells 24h post immunisation of WT and TLR7 knock out mice. Gated on B cells
(B220*CD19%). Experiment was performed only once. E) Barplot of CD69 expression on B
cells and splenic monocytes 24h post immunisation. Experiment was performed only once.
Data represented as mean + SEM n=3 mice per group. * P < 0.04.

In accordance with the literature, CD69 expression was dependent on TLR7 and
up-regulation was completely abolished on the TLR7 knockout in response to VLP.
In addition to that, CD69 was expressed in higher levels in B cells and monocytes
from mice immunised with QB(pRNA). This may be correlated to the higher levels

of I IEN responses induced by Qp(pRNA) (figure IV.4 C-G).

4.4.4 Flu challenge

Following the assessment of the humoral immune responses, we wanted to
investigate whether the ratio of isotype switched antibodies would influence the
protection conferred by the Qp-M2e universal influenza vaccine. To that end, mice
immunised in a prime-boost regimen with Qf VLPs coupled to M2e packaging
either prokaryotic RNA or eukaryotic RNA were then challenged on day 28 (figure
IV.6.A) with the previously determined lethal dose (2xLD50) of the mouse-
adapted influenza A virus PR8 (HINI strain). Temperature and weight were
monitored daily until control group reached the severity limit of 30% weight loss
or temperatures lower than 32°C, when mice were euthanised. All the procedures
conformed to local ethical frameworks in place aiming for the reduction of
suffering and numbers of animals used. Mice immunised with both formulations
were protected against the lethal dose of influenza but there were some differences
in morbidity. Mice immunised with QB(pRNA)-M2e had marginally reduced
weight loss during the challenge and better temperature control when compared

to QP(eRNA)-M2e, although there were no differences in overall mortality as all
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immunised mice survived.
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Figure IV.6 — Reduced morbidity symptoms of mice immunised with formulations
containing prokaryotic RNA in an Influenza challenge.

A) Immunisation and challenge schedule. C57BIl/6 mice were immunized s.c. with 50 ug of
QB(pRNA)-M2e (prokaryotic RNA) or QB(eRNA)-M2e (eukaryotic RNA), or PBS as a control
on day 0 and 14. Mice were then challenged with a lethal dose of the mouse-adapted
influenza A/PR/8/34 virus (2xLD50) on day 28. B) Body weight (%) represented as the mean
+/- SEM percentage of weight loss (n=5). Statistical significance measured by Welch’s T test
(p>0.007). C) Average temperature from day 4 to 11 post challenge. D) Percentage of
survival of immunised and control groups following challenge. Experiment was performed
only once.

*One mouse from the QB(pRNA) group was prematurely culled sick due to unrelated
sickness. Mice that reached the limit severity score were euthanised and the last observed
parameter was used for the following days and average calculations (Last observation

carried forward, LOCF).
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Humoral responses in challenged mice were assessed following immunisation and
challenge (figure IV.5). Antibody titres were greatly boosted by a second dose of
the vaccines and the ratio of IgG2/IgG1 was the same as in mice immunised in
following a one-dose regimen (figure IV.3). Interestingly, M2-espcific humoral
responses were not detected in the mock group even post challenge, confirming

that influenza virus infection does not normally trigger an anti-M2 response.
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Figure IV.7 — Humoral responses against M2e.

Circulating levels of I1gG, IgG1, 1gG2b were measured by ELISA on day 14, day 24 (10 days
after boost) and day 38 (10 days after challenge). Vaccine dose was 50ug of VLP, injected
s.c.. QB(eRNA)-M2e induces significantly higher levels of antigen-specific IgG1 compared
to the other vaccines (* p<0.04) against VLP and M2. Ratios of IgG2b:1gG1 are represented
as isotype geometric mean titres. Data represented as mean + SEM, n=5 mice per group.

Experiment was performed only once.
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4.5 Discussion

In the present study, we provide evidence for an important role of the type of RNA
packed into VLPs in driving the quantity and quality of immune responses
induced by vaccination. Our results also contribute to the understanding of PRR
stimulation as mediators of adjuvant activity in vaccines. The ability to
differentiate between self and foreign nucleic acids by TLRs is attributed to 1)
endosomal localisation of the receptors that guarantees spatial segregation of
receptor and its host-derived ligands in the cytosol and 2) distinct agonistic
capacities of different classes of RNA. Indeed, the immunogenicity of VLPs is in
part dependent on the origin of the nucleic acid packaged and packing prokaryotic
RNA leads to better protection against disease induced by against influenza virus

infection.

With respect to regulation of isotype switching, it is known that dual signalling
provided by BCR engagement and TLR signalling is required. VLPs containing
nucleic acids are able to provide both signals, contributing to the quality of the
humoral responses without the requirement of additional adjuvants. The
presented evidence that the type of RNA influences the protective capacity of M2e
based vaccines may therefore contribute to the rational design of vaccines in the

future.

IFN-a is known to play a role in modulating TLR7 and MyD88 expression in B
cells in vitro. In the present study, however, we were unable to replicate such
finding in vivo. Even though QPB(pRNA) was superior at inducing type I IFN

responses in vivo, these differences did not translate to differences in TLR7
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expression in B cells. Recent literature also suggests a role for type III IFN
produced by NK cells in modulating TLR7 sensitivity and expression by B cells;
however, this was not addressed directly in this study. Furthermore, we found no
role for MAVS in the antibody response elicited by VLPs in disagreement to the
findings described by Zeng et al; however this paper has recently been retracted.
Although we do not rule out a role for such receptors in isotype switching, our
data argue that in the context of VLP-mediated TLR stimulation, receptors such as

RIG-I may not be essential to contribute to isotype switching or protection.

An example of how the findings of this study may be translated into clinical
solutions can be illustrated by the VLP-based HPV vaccines. All three currently
available prophylactic HPV vaccines do not contain packaged nucleic acid in their
final formulation, but rather benefit from the inclusion of adjuvants including
some engaging TLR4:. This supports the role of TLR in driving immunogenicity
and efficacy of vaccines. Another supporting example of the major role of TLR
ligands in the immunogenicity of vaccines is exemplified by a VLP-based vaccine
against the influenza strain H5SN1. The VLP was expressed in A549 cells and failed
to protect against H5N1 challenge. The immunogenicity of the vaccine was
enhanced by the addition of an adjuvant targeting the RIG-I receptor, which
resulted in protection. Taking our findings into consideration, it is not
unreasonable to speculate that use of VLPs packaging RNA and expressed in
prokaryotic systems would be a more efficient and effective platform, eliminating
the need to include additional adjuvants that may result in increased costs and
unforeseen side-effects for the vaccine. Collectively, our data support the growing
trend of employing ligands for PRRs as adjuvants and provides further evidence

to optimise the design of adjuvants of this kind. We demonstrated that even
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though both vaccines (i.e. containing pRNA or eRNA) perform similarly in terms
of protection against lethal infection, there were significant differences in the
relative morbidity experienced during the acute phase and recovery from the

disease.

In conclusion, our results demonstrate in vivo that manufacturing differences
resulting in distinct types of packaged RNA in VLPs, has an impact on the quality
of the vaccine. We propose that during the development phase of VLPs, the type
and quality of RNA packed should be assessed and thoroughly considered while
evaluating which VLP should be employed as vaccine platform. Furthermore,
when expressing VLPs in either prokaryotic or eukaryotic cells, RNA may be used
as means of modulating the immune response to achieve the desired outcome. As
in certain situations antibodies with increased or reduced effector capacity may be
desired, depending on the disease and target structure, choosing the right

expression system and RNA quality may be an important point of consideration.
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Chapter V - Conclusion

1. Summary of conclusions

Chapter I - Literature review

Based on the literature review, it became evident the success of immunisation as
an intervention to prevent (prophylactic vaccines) and also to treat (therapeutic
vaccines) a variety of diseases. However, in order to develop superior subunit
vaccines, it seems necessary to have a better understanding of the immune system.
Thereby providing a rational framework for improved vaccine platforms that are
able to modulate the response adequately to the disease target, especially when

aiming to develop T cell vaccines.

Chapter II

e It was demonstrated that employing VLPs as an adjuvant for subunit
vaccines can be beneficial even in the absence of conjugation of VLP and
antigen. Moreover, we have demonstrated that the rules for improving T
and B cell responses in a VLP-based vaccine are different depending of the

manner as by the antigen is presented.

e We have provided pre-clinical data supporting the development of a
therapeutic vaccine against HPV, employing VLPs packing CpG and
presenting the heterologous antigen E7. The vaccine relies on T cell
responses for protection and has the advantage of not requiring coupling of

VLP and antigen, which renders the production process cheaper and faster.
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The adjuvant mechanisms of VLPs in the induction of humoral and CTL
responses are distinct, and have differential requirements based on the level
of organisation of the antigen as well as the manner of uptake into the

relevant immune cells.

Chapter III

The activation reprograming of DCs that influence CD8+ T cell responses
was characterised and thoroughly investigated. The data presented
provided insights that may support further investigation on the topic of
induction and establishment of T cell responses.

We have shown a modulatory effect of CCL2 in the immune responses
generated by T cells. However, we were unable to elucidate the precise
mechanism of action.

We also observed that the inhibitory molecule CD101 is down-regulated in
tumours controlled by therapeutic vaccination. Thus, we propose CD101 as

a possible target to help improve immunotherapy against tumours.

Chapter IV

The presence of nucleic acid in VLPs is essential for optimal immune
responses. Moreover, the source and secondary characteristics of the
encapsulated nucleic acid greatly influences the quality of the response.
These findings would suggest that greater attention to detail regarding the
nature of the nucleic acid should be considered during the design phase of
vaccines. The implication being selecting the optimal host system for

expression.
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e We have developed and further refined an influenza vaccine.
Demonstrating how basic immunology research can also assist the
development of superior vaccines, and guide scientists into making

decisions based on evidence and not solely on convenience.

2. Limitations

In chapter III we have sequenced total DCs and not only DCs that had take up the
VLP. This may have either diluted the effects or it may have added the
confounding factor of genes that were differently regulated in response to direct
uptake of the VLP and genes that had its expression modified due to paracrine
signalling of cytokines produced by the activated VLPs. However, considering that
the aim of this thesis was to find general immune correlates of the innate immune
response to the later adaptive response, we believe that this did not negatively
impacted our conclusions. However, this limitation should be considered when

analysing the response at the cell population level.

Several murine immune cells express TLR9 and respond to CpG. We focus on DCs
due to their role in presenting antigens and shaping the response of T cells.
However, we recognise that confounding factors may have interfered in the

outcomes observed as a result of other cells responding to CpG such as B cells.

We observed significant differences in the immune response depending on the cell
type used or the experimental setting (primary ¢cDC and pDCs versus BMDCs or
in vitro versus in vivo). Our main priority while designing experiments was to

guarantee consistency of conditions across the tests and whenever possible, we
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aimed to run in in vivo test, however different approaches had to be used in order

to answer our questions.

In chapter III, given the large number of relevant genes differently expressed and
pathways enriched between Qp and QB(CpG), it would be nearly impossible due
to time and resources constrains to test the relevance or impact of all differently
expressed genes. However, the data set and results generated in this thesis will be
made publicly available and will support future projects. In addition to that,
certain relevant targets were proven very challenging to test due to lack of reagents

or mouse models.

Cytokines and targets chosen were biased towards analytes that could be

measured using commercially available kits.

3. Final considerations

In this thesis I have presented data investigating the immune response elicited by
subunit vaccines employing VLPs. Our focus was to find targets and immune
correlates of vaccine efficacy that could be translated into therapies or
pharmacological targets. Considering the scope, some topics were not thoroughly
investigated, but we expect that our findings will support further studies on

mechanisms and more detailed studies on DC, B, and T cell biology.

An important consideration is that, literature has consistently shown that several
activation molecules of DCs and T cells, that had been shown crucial for the
induction of cellular responses against modular antigens seem to have a redundant

role in the immune response triggered by whole viruses or bacteria“=. This seem
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also to apply to VLPs containing TLR ligands. Due to the several PAMPs and
DAMPs that VLPs possess, and considering the data shown on this thesis, it is
reasonable to assume that VLPs associated with TLR ligands activate a myriad of
pathways and immune mediators that together, coordinate the immune responses
having sometimes redundant roles. This explains the difficulty that we have found
in isolating genes that would completely abrogate the immune response. This
conclusion also corroborates the use of VLPs as an universal vaccine platform as
for by relying on several mechanisms to induce and establish an immune response,
the vaccine is more likely to be efficient across different populations and

individuals with diverse immune response.
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Supplementary materials
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Figure S1 — General gating strategy

General initial gating of every analysis. Singlets by analysing the forward scattering by

height(FSC-H) and area (FSC-A), followed selection of live cells.
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Figure S2 — Gating strategy for lymphocytes.

A) Tetramer staining, selection of CD8+ followed by Tetramer positive. C) ICS gating
strategy. Starting in a similar way as described in A and then as outlines in C, whit

CD3+CD8+ double positives selected and then the cytokine of interest.
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Figure S3 — Gating strategy for BMDCs.

A) Differentiation of BMDCs. Expression of CD11c and maturation markers MHCII and
CD86. B) Differentiation of BMpDC. CD317 and CD11c expression pre and post maturation
with CpG.
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A) QB(0) vs QB(CpG) — 4503 genes
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B) QB vs Qp(o)
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B) Qp vs QBR(CpG)
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Figure S4 — Gene Ontology analysis of molecular function

A) QB(0) vs QB(CpG), B) QB vs QB(o) , C) QB vs QB(CpG).
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A) QB(0) vs QB(CpG) — 4503 genes
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B) QB vs Qp(o)
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C) QB vs QR(CpG)
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Figure S5 — Gene Ontology analysis of cellular component

A) QB(0) vs QB(CpG), B) QB vs QB(o), C) QB vs QB(CpG).
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IL-17 SIGNALING PATHWAY
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Figure S11 — Re-packing of VLPs and coupling efficiency analysis

A) Repacking of VLP with CpG was accessed by native agarose gel analysis followed by
double staining with SYBR safe to detect nucleic acid and Coomassie stain to detect protein.
The co-localisation of nucleic acid and protein, in addition to other techniques, indicates
packing of nucleic acid and stability of the particle. B) Coupling efficiency analysis of VLPs
and peptide performed on a reduced SDS-PAGE gel. The 14kDa monomer when coupled
with the copies of a peptide of approximately 1.2kDa migrates less on the gel creating this

“ladder” effect, which indicates covalent coupling of antigen and monomer of the VLP.
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Figure S12 — Re-packing of VLPs and coupling efficiency analysis

Schematic representation of the adapted tumour experimental method. 1x10° B16F10p33
melanoma cell line were injected into one flank of RAG”" mice (6-8 weeks old; Harlan).
Fourteen days later the growing tumours were collected and dissected into ~2mm?3 size

and transplanted into the flank of C57BL/6 mice (6-8 weeks old; Harlan).
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Figure S13 — ClusterProfiler analysis of genes downregulated on QB(CpG) compared to

QB(o).
Gene set enrichment analysis of down-regulated genes between QB(CpG) versus QB(o).
Significance displayed as a colour scale as indicated by the p.value. X-axis: number of genes

in the dataset per pathway.
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Table S.2 — Mouse strains

Mouse strain Source

C57BL/6 WT  Envigo

Cardif-/- Jan Rehwinkel (University of Oxford)
Myps-/- John Cambier (University of Texas)
RAG-/- Harlan

TLR7-/- Manfred Kompf (ETH Zurich)
CCL2-/- The Jackson Laboratory

Table S.3 — List of Reagents

Reagent

Supplier

Catalogue Number

SMPH (succinimidyl-6-(X-

maleimidopropionamido) hexanoate Thermo Fisher SCIENTIFIC

NHS ester)

DMSO

DMEM Medium
Poly-L-Lysine

IL-4

GMCSF

LysoTracker

EDTA

Foetal Calf Serum (FCS)
L-Glutamine

Monensin

BrefeldinA

IC Fixation Buffer
Permeabilization Buffer 10x
Collagenase D

DNase |

SYBR Safe DNA gel stain
Agarose

LB Media

M9 Media
Casaminoacids

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Peprotech

Sigma

Life Technologies
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

BD Bioscience

BD Bioscience
Fisher-Scientific
Fisher-Scientific
Roche
Sigma-Aldrich
Thermo Fisher Scientific
Sigma-Aldrich
Fisher-Scientific
Sigma-Aldrich
Fisher-Scientific

Vitamine B (Thiamine Hydrochloride) Sigma-Aldrich

Ampicilin
Lysonaze

Sigma-Aldrich
Merck Novagen

22363

M81802
D6046
P4707
214-14
PMC2014
L-7526
E7889-100ml
F7524
G-7513
554724
555029
00-8222-49
00-8333-56
11 088 858 001
4716728001
533102
A9539
1282-1670
M6030
1274-7109
T4625
10835242001
2701776
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Table S.4 — List of Antibodies

Target (mouse) Code Conjugate Brand
lgG A3682 HRP Thermo
lgG1 4 6120 HRP Thermo
lgG2a M32207 HRP Thermo
lgG2b M32407 HRP Thermo
lgG2c PA1-299288 HRP Thermo
lgG3 M32607 HRP Thermo
CD3 45-0037-41  PercP Cy5.5 eBioscience
CD4 56-0042-82  AF700 eBioscience
CD8 56-0081-82  AF700 eBioscience
CD11c A18639 APC-Cy7 Life
CD11b 25-0112-81  PE-Cy7 Affymetrix
CD69 MA1-207 PE eBioscience
CD86 17-0862-81  APC eBioscience
F4/80 MF48028 Pacific blue Life
IFNg 11-7311-82 APC Life
MHC-II 12-5321-81 PE eBioscience
TNFa 12-7321-82  PE Affymetrix
Fc Block antibody 553142 NA eBioscience

Tetramers H2-Db p33 Custom made APC

NIH tetramer facility

Table S.5 — List of Materials
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Materials Supplier Catalogue Number

Amicon centrifuge tubes 100 kDa MW CU Thermo Fischer UFC501008

Optically clear PCR seal 4titude

Any kD mini-protein TGX precast protein gel Bio-RAD 4569033
Glass bottom plates MatTek

PCR plates

ELISA plates Nunc-Immuno (96 well) Sigma M9410-1CS
70 uM cell strainer BD Bioscience 352350
Fractogel EMD TMAE Merck 116881
HiPrep 16/60 Sephacril S500-HR Sigma GE28-9356-06

Table S.6 — List of Reagents used for vaccine preparation

Reagents for vaccine preparation

ltem Code Brand
Yest derived tRNA 15401011 Thermo
CpG 1668 tlrl-1668 Invivogen
CpG G10 custom made Eurogentec
CpG 1668 AF-567 custom made Eurogentec
CpG G10 Af-567 custom made Eurogentec
RNAse A 70856 Merck
SMPH 22363 Thermo
DTT 10197777001 Sigma

p33 H2-Db peptide (33-41) custom made Eurogentec
E7 H2-Db peptide (49-57) custom made Eurogentec
M2 H2-Db peptide custom made Eurogentec

Hidrogen Peroxide 106097 Sigma

Table S.7 — List of commercial Kits for cytokine measurement

Kit Supplier  Catalogue Number

IFN alpha mouse ELISA Thermo BMS6027
Mouse IL-1b/IL1-F2 DuoSet ELISA R&D Systems DY401-05

Mouse IL-12 p70 Quantikine ELISA R&D Systems M1270

Luminex Cytokine 20-Plex Mouse P Thermo MCYTOMAG- 70K
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