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Summary

SUMMARY

Cancer immunotherapies (CIT) stand as novel and promising strategies for the
treatment of cancer. Their aim is to enhance the individual’s own immune system to
recognise and eliminate cancer cells reducing side effects, with the ultimate goal of
providing long-term tumour control. Among immunotherapy possible targets, neoantigens
have arisen as suitable candidates as they are mostly patient- and tumour-specific. The
possibility of identifying neoantigens has fostered the development of personalised vaccines
with promising results. The prediction and prioritisation of immunogenic neoantigens is
currently addressed mostly using in silico bioinformatic tools, but their formulation as
vaccines needs to be improved. To maximize their therapeutic potential, optimal
neoantigens-based vaccines should be manufactured in a superb delivery platform that
enhances robust immune responses with potent antitumoral activity.

Here, we developed a highly immunogenic vaccine platform based on engineered HIV-
derived Virus-Like Particles (VLPs) expressing a high density of selected neoantigens
(neoVLPs). Predicted immunogenic peptides were presented as a concatenated long
polypeptide spaced by specific designed sequences investigated to promote and enhance
antigen processing and presentation. Then, polypeptides were either fused to the N-
terminal or the C-terminal of the structural Gag protein. After self-assembling into VLPs, the
peptides were exposed on the particle surface or at the particle core, respectively.

After successfully generating and purifying neoVLPs, their integrity and VLP morphology
were confirmed by western blot and cryo-EM. The immunogenicity of selected vaccine
candidates was evaluated in a mouse model (C57BL/6) and neoantigen-specific T-cell
responses were detected by ELISpot. In total, 7 out of 44 neoantigens were able to elicit
strong de novo CD8+ T-cell responses upon two vaccination doses. In addition, animals
vaccinated with one of the selected candidates and challenged with the B16-F10 tumour
showed delayed tumour growth compared to the control group, and an increased survival.

Taken together, our data show that neoVLPs promote the generation of new antitumor-
specific immune responses against selected neoepitopes, suggesting that neoVLPs
vaccination could be an alternative to current therapeutic vaccine approaches and a

promising candidate for future personalised immunotherapy.
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Resum

RESUM

Les immunoterapies contra el cancer (CIT) s’han establert com estrategies
prometedores en el tractament d’aquesta malaltia. El seu objectiu és estimular el sistema
immunitari de l'individu per reconeixer i eliminar les cel-lules canceroses reduint els
possibles efectes secundaris, amb l'objectiu de proporcionar un control tumoral a llarg
termini. Entre les possibles dianes de les immunoterapies, els neoantigens han sorgit com a
candidats rellevants, ja que sén majoritariament especifics de cada pacient i de cada tumor.
La possibilitat d'identificar neoantigens ha fomentat el desenvolupament de vacunes
personalitzades amb resultats prometedors. No obstant aixd, mentre que la prediccid i
prioritzacié dels neoantigens més immunogens es pot abordar utilitzant eines
bioinformatiques, la seva formulaci6 com a vacunes necessita especial atencid i
optimitzacié. Per maximitzar el seu potencial terapeutic, les vacunes basades en
neoantigens haurien de ser formulades idealment fent Us d’una plataforma potent que
busqui potenciar una resposta immune amb capacitat antitumoral.

En aquest treball hem desenvolupat una plataforma de vacuna altament immunogena
basada en particules similviriques (VLPs) utilitzant la proteina estructural del VIH, Gag.
Aquestes particules estan dissenyades per expressar una alta densitat de neoantigens a la
seva superficie (neoVLPs). Els péptids immunogens seleccionats es formulen com un
polipéptid, format per un concatenat de neoepitops separats I'un de I'altre per seqiieéncies
especifiques dissenyades per promoure i millorar el processament i la presentacid
d'antigens. Els polipéptids optimitzats estan fusionats a I'extrem N-terminal o C-terminal de
la proteina Gag que, un cop oligomeritzada, formara VLPs exposant els péptids a I'exterior;
o a l'interior de la particula, respectivament.

Després de generar i purificar amb exit els diferents candidats de vacunes de neoVLPs,
laintegritat de les proteines i la seva morfologia van ser confirmades per western blot i cryo-
EM. La immunogenicitat dels candidats seleccionats va ser avaluada en un model de ratoli
(C57BL/6) i les respostes de cél-lules T especifiques de neoantigen van ser detectades per
ELISpot. En total, 7 dels 44 neoantigens inclosos a les VLPs van generar una resposta de
cél-lules T després de dues dosis de vacunacio. A més, els animals vacunats amb un dels
candidats seleccionats i inoculats amb cél-lules del model tumoral B16-F10 van ser capagos
de retardar la progressié del tumor comparat amb el grup control, i van demostrar una major
supervivencia.
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Resum

En resum, els nostres resultats demostren que les neoVLPs promouen la generacié de
noves respostes immunes antitumorals especifiques contra els neoepitops seleccionats,
suggerint que la vacunacié amb neoVLPs podria ser una alternativa a les estratégies actuals

de vacunes terapeutiques en el camp de les immunoterapies personalitzades.
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Introduction

General background

Cancer is probably one of the major public health concerns worldwide, with an
estimated 19.3 million new cases and 10 million cancer-related deaths a year in 2020. The
global cancer burden is expected to continue rising, estimating 28.4 million new cases by
20401,

Cancer is a complex and heterogeneous disease characterised by uncontrolled cell
growth and proliferation. Malignant cells arise from normal cells through genetic mutations
or epigenetic changes that alter their behaviour and physiology?>3. These changes may
include mutations in genes involved in cell cycle control, DNA repair and cell death
regulation or alterations in the expression of key regulatory molecules, such as growth
factors or transcription factors®. Once carcinogenesis is initiated, cancer cells undergo clonal
expansion, giving rise to a heterogeneous population of cells with distinct phenotypic and
functional characteristics®. Furthermore, these cells can acquire additional mutations or
epigenetic changes that confer further advantages as proliferation, migration to other sites,
invasion of tissues, resistance to therapy and immune evasion mechanisms>.

The main three approaches to reduce the cancer impact worldwide are prevention,
early detection, and treatment®. Effective cancer prevention strategies include reducing
exposure to tobacco and other carcinogens, promoting healthy lifestyles, and implementing
vaccination programs for cancer-related viruses such as human papilloma virus (HPV) and
hepatitis B virus (HBV)®®. Early detection through screening programs and increased
awareness improves outcomes and reduces mortality rates®.

The treatment of cancer typically involves a combination of strategies that aim to
eliminate cancer cells or prevent them from growing and spreading!®. Among these we find

1114 The later gathers all

surgeries, chemotherapies, radiotherapies, and immunotherapies
the cytokines-based, antibody-based, and cell-based therapies that intend to modulate and
enhance the immune system. On one hand, to generate specific anti-tumour T cells
responses capable of specifically eliminating neoplastic cells, and on the other hand, to
overcome the immunosuppressive environment that characterises tumoral tissue and can
difficult or inhibit the cytotoxic functions of the different immune components!*.
Understanding the molecular and cellular mechanisms underlaying cancer initiation and

progression is critical for the development of more effective therapeutic strategies. The

complexity and heterogeneity of tumours, and their relationship with the immune system
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Introduction

pose a significant challenge for the development of effective therapies'®. For that reason,
there is a need for interdisciplinary approaches that combine basic and clinical research, as
well as patient-based approaches that consider unique differences in tumour biology and

response to therapy across patients®.

The cancer immunity cycle

1. Generation of antigen specific CD8+ T cells

The close relationship between cancer cells and the immune system has been
extensively demonstrated. Research advances from the past 20 years have granted a deep
understanding of the interactions between tumours and the immune system, revealing how
complex and extremely regulated it is. These findings are notably important to learn how to
enhance, modulate and manipulate the immune system to develop effective anti-cancer
treatments. The interplay between tumours and the immune system was described by S.
Chen et al. as the cancer immunity-cycle!®?’. This cycle collects all the steps that need to
happen for the immune system to generate a specific and effective anti-cancer response
(Figure 1).

First, tumour-specific antigens need to be released (Figure 1, step 1) from cancer cells
and up taken by dendritic cells (DCs) for processing (Figure 1, step 2)°. This step must be
bolstered by specific signals that trigger an immune response by promoting the release of
pro inflammatory cytokines and factors'®. Next, DCs present the capture antigens on MHC-I
and Il molecules to T cells, which results in priming and activation of tumour-specific T cells
(Figure 1, step 3)®. Finally, the activated effector T cells travel to the tumour site and
infiltrate it (Figure 1, step 4), to end up killing the target cells by the interaction between the
TCR and the MHC-I bound to the specific peptide (Figure 1, step 5)*°. Killing of cancer cells
helps increase the breadth of response and positively feeds the cancer immunity cycle by
releasing more antigens, ready to be uptaken by DCs'®. In patients where the cycle does not
work effectively, the tumour progresses and escapes the immune system. The aim of
immunotherapies is to help start the cancer immunity cycle and propagate it to achieve

tumour elimination.
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Figure 1. The cancer immunity cycle. The adaptive immune response generated against tumours
functions as a continuous and accumulative cycle that can broaden the tumour-specific T-cell
response. Each step of the cycle has stimulatory and inhibitory factors that work as negative or
regulatory feedback mechanisms. Stimulatory factors, showed in green, contribute to generate and
intensify the adaptive immune response, whereas inhibitory factors, in red, help regulate and halt the
process, if necessary, to suppress immunity or autoimmunity. However, sometimes inhibitory factors
can block the antitumour immune response as part of the immunoediting process. Created with
Biorender. Adapted from Chen, D.S et al. (2013)16.

1.1 Antigen release (Step 1). Damage-associated molecular patterns (DAMPs) as
sensors of immunogenicity

The first step of the cancer immunity cycle, the release of antigens, must be
accompanied by the initiation of an immune response triggered by the expression of DAMPs
(Figure 1, step 1). DAMPs are specific cell-derived signals, recognised by pattern-recognition
receptors (PRRs), that can initiate an innate immune response!® operating as natural
adjuvants?®?°, DAMPs function like the well-known pathogen-associated molecular patterns
(PAMPs) that allow the recognition of pathogen infected cells'®. However, DAMPs do not
need to be expressed in an infectious context and can be released by necrotic cells or

actively expressed by apoptotic ones!®?!, Despite this, the expression of these DAMPs does
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not guarantee the initiation of an immune response unless the dying cells express antigens
that have overcome central tolerance, and thus can eventually prime high affinity T cells?®.
These strongly immunogenic antigens, or so-called neoantigens, can elicit specific T-cell
responses??. Comprehensively, immunogenic cell death (ICD)? — a type of regulated cell
death that triggers adaptive immunity — depends on two key aspects, adjuvanticity
conferred by the expression and release of DAMPs from injured or apoptotic cells, and the
immunogenicity associated with tumour-specific antigens®. As opposed to ICD, there is
another type of regulated cell death that does not contribute to the initiation of an immune
response, the tolerogenic cell death (TCD; Figure 1, step1). TCD depends on several factors,
including modification of DAMPs, absence of T-cell help during antigen-presentation,
subtype and maturation state of the engulfing DCs and the release of immunosuppressive
factors during apoptosis?*. Triggering an immune response against dying or apoptotic cells
is a complex mechanism that can be key in generating a robust immune response against
tumour cells (Figure 1, step 1)

In a cancerous environment, processes like ICD are essential because they can promote
cross-presentation through different mechanisms, such as the attraction of DCs to apoptotic
tumour cells. The release of ATP, for example, can recruit myeloid cells into tumour sites
and stimulate their differentiation into DC phenotypes?+?6. ICD can also increase the antigen
uptake from dead cells by releasing factors that promote antigen processing and MHC-I

presentation by DCs?’.

1.2 DCs antigenic uptake, processing, and presentation (Step 2). The major
histocompatibility complex |

DCs, professional antigen presenting cells (APCs), are a diverse group of different
sensing and presenting cell subtypes that play a key role in mediating innate and adaptive
immune responses?. To fully activate CD8+ T cells into effector cytotoxic lymphocytes, these
need to be activated by DCs that present exogenous peptides in the Major
Histocompatibility Complex | (MHC-1) molecules, by a mechanism known as cross-
presentation (Figure 1, step 2)%.

MHC-I molecules play a critical role in the adaptive immune system as they are
responsible of presenting protein-derived peptides to CD8+ T cells**. MHC-I molecules are

expressed in all nucleated cells and the peptides presented by them contribute to define the
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specificity of the response. The MHC-I molecule is a heterodimer formed by two domains, a
polymorphic heavy a-chain and an invariant light chain known as B2-microglobulin (B2M)
that binds the heavy chain non-covalently supporting the peptide-binding unit®!. The space

in between the a-helices that form the a-chain is the peptide binding groove (Figure 2)3L.

Cytosolic Pathway Vacuolar Pathway

Phagosomal
degradation

) ///
':co‘ '

V4

MHC |
loading

‘Antigen
v

q Proteasomal MHQ |

degradation loading

g 3

K
; <¥ peptide binding
peptides ~ § groove
> ::. a-chain .

B2-microglobulin

(B2m

Figure 2. Intracellular pathways of cross-presentation in dendritic cells. During cross-presentation,
exogenous antigens are engulfed by DCs. Once in the cytosol (cytosolic pathway), antigens are
degraded by the proteasome into peptides, that are transported into the ER by TAP proteins. In the
ER, MHC-I molecules assemble, and peptides insert themselves in the peptide-binding groove.
Eventually the MHC-I/peptide (MHC-1/p) complex translocates to the membrane and peptides are
presented extracellularly. Alternatively, antigens can be degraded in phagosomes, independently
from proteasomal degradation (vacuolar pathway), and loaded onto the MHC-I to be presented at
the cell membrane. Created with Biorender. Adapted from Pishesha, N et al. (2022)2°.

The composition and features of the peptide binding groove are primarily defined by
the three highly polymorphic regions that code for the MHC-I molecules, these are the HLA-
A, HLA-B and HLA-C®°. This high allelic variation of the different human leucocyte antigen
(HLAs) contributes to the immense repertoire of peptides that can be presented on MHC-I

molecules and recognised by T-cell receptors®'32. In the cancer context, predicting the
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affinity of peptides to different MHC-I allotypes has been one of the biggest challenges.
Several immunotherapeutic strategies are based on identifying pre-existing tumour-specific
T-cell responses or generating them via vaccination3. For both approaches, the need to
predict what tumour peptides will be presented on MHC-I molecules and therefore may
potentially mediate a CTL response is indispensable, and currently the prediction efficiency
is still low3373¢,

Generally, MHC-I molecules present endogenous peptides that come from cytosolic or
nuclear degraded proteins32. Proteins are degraded by the proteasome, and peptides are
translocated to the endoplasmic reticulum (ER) by the TAP protein (transporter associated
with antigen presentation)®’. In the ER, the heavy and light chains of the MHC-I heterodimer
assemble, together with stabilising proteins like chaperones?®3238, These stabilising proteins
secure the complex until high affinity peptides insert themselves into the binding-
groove?®3238 |n opposition, and as aforementioned, during cross-presentation the peptides
presented in the MHC-I molecules are exogenous (Figure 2). The processing and
presentation of peptides from an exogenous origin can differ from the endogenous
processing. Two main pathways have been described, the cytosolic and the vacuolar®®
(Figure 2). The cytosolic pathway, similar to the endogenous peptide presentation, is
proteasome dependent®®. Proteins that enter the cell through endocytic routes are
degraded by proteasomes into peptides. These are transported to the ER by the TAP protein
and loaded onto MHC-I through classical mechanisms (Figure 2)3. Contrarily, the vacuolar
pathway is proteasome and TAP independent, but it is sensitive to lysosomal inhibitors®.
Hence, the processing and loading onto MHC-I molecules is most certainly occurring in
endocytic vesicles, avoiding the ER (Figure 2)%°.

DCs are also sensing cells, and upon specific signals from PRR recognition, they undergo
maturation. This promotes the upregulation of the expression of MHC-I and Il molecules,
alongside with chemokine receptors (CCR2, CCR6, CXCR3)*!, costimulatory molecules (CD8O0,
CD86, CD40 and CD54) and the release of pro-inflammatory cytokines (Figure 1, step 2)*.
This maturation process enables DCs to migrate to lymph nodes and be in close contact with

naive T cells, leading to T-cell activation®.
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1.3 Tcell priming and activation (Step 3). The T-cell receptor (TCR).

The activation of T cells in an antigen-dependent manner requires the recognition of
MHC-I/peptide (MHC-1/p) complexes by T-cell receptors (TCRs). The TCR consists of two TCR
chains and clusters of differentiation 3 chains (CD3). TCRa and TCRf3, the two most common
isoforms, form a heterodimer that interacts with CD3 chains forming a multiprotein complex
on the cell surface®®. TCR chains are formed by a cytoplasmatic tail, a transmembrane
domain, and an extracellular region. This outer region contains a constant domain (C) and a
variable domain (V), arranged in an immunoglobulin-like structure*. The immunoglobulin-
like variable domain constitutes the antigen-binding site of the TCR and defines its
specificity, and it is assembled from segments coded by the V, D and J genes, by genomic
recombination®~%. DNA rearrangement of these genes generates a high number of random
TCRs with potential to bind to the extensive MHC-I repertoire, broadening the capacity of
the immune system to react against a large number of unpredictable peptides. But this
random rearrangement inevitably generates TCRs that can recognise self-antigens, which
can lead to autoimmunity3>3745, For this reason, TCRs undergo positive and negative
selection upon formation®’. First, immature double positive CD8+CD4+ T cells encounter
cortical thymic epithelial cells (cTEC) in the thymus, expressing MHC-I and MHC-II/self-
peptide (MHC/sp) complexes®. T cells bind these complexes and commit to either CD8+ or
CD4+ cell linage, through a process known as positive selection’’. CD8+ T cell lineage
constitutes the major killer cell group, targeting and eliminating neoplastic cells, whereas
CD4+T cells play an indispensable role maintaining the CD8+ T-cell response and preventing
exhaustion*®. Next, MHC-restricted T cells migrate to the medulla, where single positive T
cells interact with medullar thymic epithelial cells (mTEC) and undergo negative selection®’.
Most T cells that strongly recognise MHC/self-peptide complexes do not progress and
become apoptotic, while a small number of clones get survival signals and become T
regulatory cells (Tregs). T regs are key players in balancing the cytotoxic function of CD8+ T
cells, and the general immune homeostasis*®. This negative selection in the thymus operates
as the main mechanism of central immune tolerance®. Mature naive T cells, expressing a
functional TCR without affinity for self-antigens, migrate to secondary lymphoid organs to
be activated**’.

Interaction between DCs and T cells results in T-cell activation upon cross-priming

(Figure 1, step 3). The main cell-to-cell contact between APCs and naive T cells is known as
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the immunological synapse®. In the cancer context it has two main objectives, inducing the
activation and clonal expansion of T cells, and triggering their effector functions in tumour
sites®l. During the synapse, three main cues occur: the adhesion of the two cells in contact
through adhesion molecules, the recognition of MHC-I/p complex by the TCR, and the co-
stimulation/checkpoint signalling, fundamental for the killing machinery to fully activate®.
This extracellular signalling is translated into intracellular pathways within the cell that
promote the expression of key genes for T-cell activation®.

During the immunological synapse, T cells and APCs interact in a receptor-ligand manner
and adhere to each other (Figure 1, step 3)°°. CD8+ T cells migrate through the interactions
of chemokine receptors expressed on both cell types (CXC3, CXC10 and CXC9) and adhere
through the receptors (CD27 and CD2) for ligands expressed on DCs*2. This contact is the
first step of the T cell priming®®. When the TCR recognises the MHC-I/p complex expressed
on the cell surface, a multi protein complex is formed in the interaction spot between the
two cells. Not only the TCR:MHC-I/p, but also co-receptors and co-stimulatory molecules
take part of this supramolecular activation complex (SMAC)*.

Co-stimulatory molecules do not have a strong signalling or adhesive capacity on their
own, but they have the potential to enhance signalling or adhesion when they are combined
with other stimuli®. Thus, to enhance signalling, their incorporation in cancer vaccines has
been explored 3. Two-step activation in T cells, which requires not only recognition but also
co-stimulation, constitutes one of the pathways to regulate the cytotoxic activity of CD8+ T
cells. Having single-step activated T cells could specially risk the generation of specific T-cell
responses against self-antigens that could not have been present in the thymus®. Despite
this, bystander activation of T cells exists and can be detrimental in the development of
cancer vaccines, entirely based on eliciting a tumour-antigen specific T-cell response>*>°,
Although generally bystander activation of T cells in infectious processes refers to activation
of T cells independently of TCR recognition, in the cancer context it is typically used as an
umbrella term that clusters all the T cells that recognise cancer unrelated antigens and are
found in the tumour microenvironment (TME) regardless®*. The role of these non-specific T
cell subsets within tumours is not still completely understood, but despite not being tumour
specific they can present an activated phenotype and, in some cases, could be exploited in

immunotherapeutic strategies®.
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1.4 Trafficking of T cells and tumour infiltration (Step 4). The TME.

A successful anti-tumour immune response does not only consist in the proper
activation of tumour-specific CD8+ T cells, but also in the ability of these to traffic to the
tumour site and penetrate the tumour microenvironment (TME)*®, becoming tumour
infiltrating lymphocytes (TILs; Figure 1, step 4). Subsequently, the success of cancer
immunotherapies is exactly this, being able to elicit an anti-tumour response targeted and
effective on tumour site. Tumours that present an inflamed phenotype with high T cell
presence are known as “hot” tumours. Resistance to T-cell infiltration, which leads to
immune-excluded or “cold” tumours, translates into poor immunotherapy outcomes in
patients®’-%0,

Mature activated CD8+T cells must be able to traffic to the tumour core and infiltrate it,
along with surviving by trying to maintain an effector cytotoxic phenotype, and finally
differentiating into memory phenotypes for long-lasting responses®®. Primed T cells undergo
a shift in the expression of extracellular receptors and release of pro-inflammatory
cytokines®'%2, They gain the expression of molecules that target them to the tumour site and
facilitate their extravasation®l. Upon activation, effector T cells reach the blood flow and
travel to the site of extravasation (Figure 1, step 4)°23, Then, they upregulate the expression
of homing molecules such as E- and P-selectins which enable T cells to roll on the
endothelium of the vasculature®. T cells also gain expression of chemokine receptors, such
as CXCR3, which ligand binding triggers the activation of adhesion molecules (LFA-1, VLA-4),
that in turn bind to ICAM1 facilitating T-cell adhesion®2%%, Cytokine expression like IL-6 and
TNFa also enhance this adhesion process by stimulating expression of adhesion molecules
on the tumour vasculature®. As well as activating factors, we can also find the expression of
blocking molecules (VEGF or Endothelin B receptor) and signalling pathways that prevent or

difficult the adhesion and extravasation of T cells into the tumour site, discussed further.

1.5 Recognition and killing of tumour cells by cytotoxic CD8+ T cells (Step 5)

Activated cytotoxic T cells (CTLs) that successfully extravasate the tumour vasculature
and reach the tumour microenvironment recognise specifically target cells that present
antigens on MHC-I molecules. This recognition leads to the effector function of CTLs, cell
killing (Figure 1, step 5). CTLs can mediate target-cell death via the intrinsic or the extrinsic

apoptotic pathway*®. The intrinsic pathway, or so-called granule exocytosis pathway, is
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facilitated by the release of granzymes A and B, that enter the cell cytoplasm through
membrane pores®®®’. Granzymes A is a tryptase that mediates a caspase-independent
death, that first interferes with the mitochondrial transmembrane potential and the ATP
generation, and later damages the DNA by accessing the nucleus®®®. Granzyme B, a serine
protease, cleaves initiator pro-caspases, such as pro-caspase-3, that results in proteolysis of
several apoptosis phenotype substrates’™. The extrinsic apoptotic pathway, or FasL
pathway, is also caspase-dependent’®. FasL activation results in the release of cytochrome ¢
by caspases, which leads to apoptosis®®. Killing of cancer cells increases the breadth and
depth of the response, by releasing tumour-specific antigens and hence, re-activating the
immunity cycle again®®.

In an ideal context, this cycle would start and propagate until activated CD8+T cells
would be capable of eliminating specifically all neoplastic cells. However, the cancer nature,
and its relationship with the immune system, is a complex matrix of extremely regulated
elements that can often fall off balance. The regulatory arm of the immune system, which
primary function is to maintain the systemic homeostasis, can become effectively
suppressive and prevent or hamper the cytotoxic function of CD8+ T cells. The intricacy of
the tumour microenvironment and the negative feedback mechanisms executed by the
regulatory and suppressive immune players (T-regulatory cells or check point inhibitors) will

be discussed in depth further on.

2. Role of CD4+ in the anti-cancer immune response

Cancer immunotherapies have predominantly focused on the cytotoxic anti-tumour
activity of CD8+ T cells, mainly because of its direct cancer-cell killing function, but also
because most tumour cells lack MHC-II expression’?. For that reason, the study of CD4+ T
cells and their role in the systemic immune response against cancer has been long
overlooked.

As aforementioned, the cancer immune-cycle initiates and boosts a specific cytolytic
anti-tumour T-cell response, that propagates due to the release of more antigens in the TME
and the priming of new T cells on secondary lymphoid organs!®. Enhancing the immune
system through immunotherapy focusing only on harnessing antigen-specific CD8+ T cell
activity may not be the best approach, as there are other cell types that can contribute

greatly to the comprehensive immune response towards tumour rejection’.
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CD4+ T cells constitute the other major T cell family of the adaptive immune response,
alongside the already mentioned CD8+ T cells. CD4+ T cells are extremely versatile and
present high phenotypic plasticity’®. Contrarily to CD8+ T cells, that mainly mediate cell
contact-dependent killing, CD4+ T cells exhibit great polyfunctionality, and can become very

different effector subsets depending on the environment and context (Figure 3)’#7°, CD4+
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Figure 3. CD4+ T helper tasks in antitumour immunity. CD4+T cells can kill MHC-1I expressing tumours
directly after priming and activation, by releasing perforin and granzyme B. Furthermore, CD4+ T cells
contribute to tumour killing by the release of IFNy and TNF that recruit T cells and macrophages. In
turn, macrophages participate in tumour cell killing by helping release antigens and propagate the
cancer immunity cycle. Cytokines and stimulatory factors released by CD4+ T cells also inhibit
angiogenesis and drive tumour senescence. Created with Biorender. Adapted from Richardson et al.
(2021)73.

T cells express TCRs, also generated by DNA recombination, that recognise peptides in the
context of MHC-Il molecules’. Exactly like CD8+ T cells, CD4+ T cells undergo positive and
negative selection in the thymus, and their survival is subjected to their affinity for MHC-

Il/sp complexes”’. Only CD4+ T cells with moderately affinity for MHC-1I/sp progress by

receiving surviving signals via TCR/MHC-II contact and continue their thymic maturation

29



Introduction

until becoming naive conventional CD4+ T cells’®. The majority of CD4+ T cells with high
affinity for MHC-Il/sp do not survive, but a small percentage is redirected into T regulatory
cells, that acquire modulatory and suppressive functions to maintain the overall tissue
homeostasis’”7&.

The key role of CD4+ T cells is ‘helping’ modulate the state and function of otherimmune
cells, and hence orchestrating a common systemic response’®°, The three main
mechanisms of action of CD4+ T cells against a tumour are: (i) help activating CD8+ T cells
through dendritic cell licensing; (ii) help activation of B cells and establishment of germinal
centres; and (iii) acquiring a cytolytic phenotype and executing their own contact-dependent
killing function as cytotoxic CD4+ T cells (Figure 3)7°.

The contribution of CD4+ T helper cells in the CD8+ T cell cross-priming mechanism by
DCs has been extensively examined 8178, A recent study of intravital microscopy in mice
resolved that CTL priming occurs in two different steps separate in time and location®. First,
both naive CD8+ and CD4+ T cells encounter conventional DCs and are primed
independently in separate areas of the lymph node (LN) 8787, Next, in a second priming step,
both T cells interact with the same lymph-node resident conventional type 1 DC (cDC1s),
and the help signalling by CD4+ T cells is delivered®2, For the second priming to occur, the
two cells must interact with the same cDC1 cell, thus DCs need to have an optimal cross-
presentation capacity, which allows them to process exogenous proteins and present
antigens on both MHC-1 and MHC-II. The ‘help’ signalling offered by CD4+ T cells is mediated
primarily by the CD40-CD40L axis®. CD4+ T cells upregulate CD40 molecules, which engage
with the CD40 receptor on DCs inducing and maintaining a type | phenotype on APCs®°,

CD4+T cells also play a major role in providing the appropriate signals to B cells to derive
their differentiation into class-switched plasma cells, with affinity maturation (Figure 3). The
presence of antibodies specific against tumour antigens can mediate antibody-dependent
cell cytotoxicity (ADCC), a killing mechanism carried out by NK cells’® or macrophages®.

As mentioned, CD4+ T cells can also differentiate into an effector cytotoxic phenotype
and contribute to the anti-tumour immunity through cell contact-dependent killing®°2. The
differentiation mechanisms that lead to the acquisition of this cytotoxic phenotype remain
unknow, but evidence of the direct killing of CD4+ T cells have been found®. Dr. Allison’s
group demonstrated that CTL CD4+ can directly kill cancer cells in an MHC-II restricted

manner®?.
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The importance of CD4+ T cells in the development of therapeutic strategies has been
eclipsed by the successful outcomes in eliciting effective cytotoxic CD8+ T-cell responses’.
However, in the past years CD4+ T cells have grown especial attention, and their critical role

in the comprehensive response against cancer has been highlighted.

3. Role of NKs in the anti-cancer immune response

Natural killer cells (NKs) are effector cells from the innate immune response that belong
to the innate lymphoid cell (ILC) group and thus, lack antigen specificity®. All ILCs come from
the same lymphoid common progenitor as T and B cells, but the expression of the
transcription factor Inhibitor DNA binding 2 (Ib2) represses the development of T and B cell
lineages, making it indispensable for the maturation of ILCs®. NKs are professional killer cells
that rapidly identify targets that can be a threat to the host, such as infected, stressed or
transformed cells, and thereby contribute greatly to the tumour immunosurveillance®. If
the main feature of the adaptive immune response is the antigen recognition and acquired
precision in the T and B-cell responses, NKs effector function does not rely on antigenic
specificity (Figure 4)°6. Thus, because of their low specificity, NKs breadth of response can
be higher compared to T cells, making them a suitable strategy of cancer immunotherapy®®.

NKs are a heterogeneous cell population that can express different cell surface
receptors depending on the function acquired and the tissue where they reside. Briefly, all
NKs express CD56 on the surface, but lack expression of CD3%. Often divided into circulating
and tissue resident, NKs found in the blood are highly cytotoxic and express CD569™CD16",
whereas NKs found in secondary lymphoid organs are mainly modulatory and cytokine
producers, and their phenotype is CD56°"€"CD16'© %8-10°,

The first step of the NK orchestrated response against tumours is the recruitment of
such cells on tumour sites. NKs, as most immune cells, travel and migrate by the expression
of chemoattractant receptors for chemokines expressed in inflammation sites. Peripheral
and resident NKs express varying receptors, resulting in differential location of NKs subsets
in tissues. Despite these differences, CD56*&"CD16' NK cells have been found to be the
predominant phenotype in the TME of several different cancers®>1%2, An increased NK

recruitment in tumour sites correlates with better overall outcome for several various

cancers!®-1% including melanoma'®-1%, Furthermore, in metastatic melanoma, the
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presence of immuno-modulatory NKs in the tumour microenvironment has been linked to a
better anti-Programmed cell death 1 (PD-1) immunotherapy response in patients'®,

Once NKs have travelled to the tumour site, they must be activated upon recognition of
damaged or transformed cells. Unlike T cells, NKs do not have a clonotypic receptor
generated by random DNA recombination, but rather a combination of germ-line encoded
activating and inhibitory receptors'!!. The nature of NK’s effector function always relies on

the balance between stimulatory or suppressive signals (Figure 4), and their outcome will

determine the response to or the tolerance of target cells'!2. One of the main mechanisms
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Figure 4. Functionality of NK cells. a) The recognition of healthy cells by NK cells is regulated by the
signaling balance between stimulatory and inhibitory receptors. b) Cells that do not express MHC-I are
detected as “missing self” and killed by NKs. Tumour cells often downregulate MHC-I to limit antigenic
presentation, and thus can become targets of NKs. ¢) Damaged cells can upregulate the expression of
induced stress ligands recognised by activating NK cell receptors. d) Antitumour-specific antibodies
bind CD16 and elicit ADCC. Created with Biorender. Adapted from Morvan, M.G et al. (2015)114,

by which NKs can kill target cells is the recognition of “missing-self” (Figure 4) 94111113114 NK
cells have Kill cell Immunoglobulin-like Receptors (KIRs) that can bind MHC-I molecules in an
unrestricted manner. While healthy cells are spared of NKs’ killing function because of
normal MHC-I surface expression, tumour cells become targets as they often downregulated

the expression of MHC-I to escape from the adaptive immune response. This missing of self-
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molecules on the cell surface automatically triggers a killing signalling, along with the
upregulation of activating ligands induced by stress or damage!!»115-118,

The cytotoxic activity of NKs is very similar as the cytotoxic activity of CD8+T cells. NKs
can kill either through the release of granules and perforin, inducing pore formation and the
access of the granules into the cells, or by activation of the FasL pathway. Furthermore, NK
cells can mediate an antibody dependent cell killing or ADCC, through the crosslinking
between antibody coated cells and the NK surface receptor CD16 (Figure 4)13119,

All these mechanisms contribute to the direct tumour cell killing, but also to increase

antigen availability in the TME, which helps modulate and propagate the adaptive immune

response®,

Immune escape mechanisms

1. Cancer immunoediting

The cancer immunoediting hypothesis contemplates the complex interplay between the
tumour-promoting vs the tumour-suppressive functions exerted by the immune system that
co-exist in a cancer context!?°. This concept emphasises the dual actions that the immune
system can have towards tumour development. The immune response not only contributes
to the immunosurveillance and elimination of neoplastic cells, but it can also shape tumour
immunogenicity, consequently favouring loss of immune control and tumour growth*?%. This
immunoediting process is composed of three phases: elimination, equilibrium, and escape
(Figure 5)120.121,

During the elimination phase (Figure 5), the innate and adaptive arms of the immune
system generate a coordinated response to recognise and kill transformed cells'?%'2!, The
elimination phase becomes the endpoint of the immunoediting process only when all
transformed cells are eliminated, if there are surviving subclones that can avoid killing, the
tumour progresses into an equilibrium state!?2. During equilibrium (Figure 5), the tumour
enters a dormancy functional state where its growth is specifically controlled by the immune
system. This phase can be a stable period where latent tumour cells can survive in the
patient for a long period of time until resuming growth'?!. The balance between an
immunosuppressive environment and the immune cells with anti-tumour effector
functionality contributes greatly to maintaining this state of immune-mediated dormancy.

A shift in this balance towards elimination or escape will decide the tumour fate (Figure 5)22.
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Figure 5. Cancer immunoediting and response to cancer immunotherapy. The cancer immunoediting
process consists of three phases. a) Elimination: during the elimination phase innate and adaptive
immune cells orchestrate a response to kill neoplastic cells. b) Equilibrium: if tumours are not
eliminated, they progress into an equilibrium phase, in which growth is limited and tumour
immunogenicity is altered by the immune response generated. c) Escape: edited tumours that escape
equilibrium progress uncontrollably, acquiring a suppressive phenotype that halts the effector
function of the cytotoxic response. If immunotherapy cannot elicit an effective cytotoxic response or
overcome the immunosuppressive environment, the tumour will continue growing and the patient
will have acquired an innate resistance. Alternatively, immunotherapy can lead tumours into an
elimination phase again, that would result in a complete response, or into an on-treatment
equilibrium, hence a partial response to treatment. Created with Biorender. Adapted from O’Donnell,
J.Setal. (2019)222,

Some mechanisms happening during the equilibrium phase help edit the antigenicity of
tumours and participate in disrupting the balance!?2. For cytotoxic T cell to execute their
effector functions, these need to recognise tumour-specific antigens (TSA) on neoplastic
cells presented in the context of MHC-I molecules. The availability of TSA, including
neoantigens, depends, among other aspects, on the mutational burden of tumours!?. A
higher rate of mutations within a tumour increases the probability of generating non-
synonymous mutations that are expressed and correctly presented by APCs to cross-prime
T cells??*12%, Therefore, the tumour mutational burden (TMB) has become a predictive
biomarker of response to some immunotherapeutic strategies, and patients with high

mutational burden generally correlate with better therapeutic outcomes!?>-1?’, However,
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the association between a high mutational rate and the level of tumour immunogenicity is
not entirely accurate, as only clonal neoantigens promote immune surveillance and effective
killing of tumours'?®12°, The chance of neoantigen clonality does not only depend on the
mutational burden, which makes tumour heterogeneity a critical aspect of their
immunogenicity'3’. Patients that respond well to checkpoint blockade immunotherapies
appear to have a high clonal neoantigen burden and a low subclonal heterogeneity, probably
resulting in more effective cytotoxic activity from TILs?8. Despite this, the immune pressure
exerted over tumours during immunoediting processes can result in loss of neoantigen
expression overtime, promoting immune escape and tumour resistance3%-132,

Other mechanisms that can drive the tumour towards escaping the immune response

are an increased survival through an upregulation of STAT-3 and anti-apoptotic molecules,

and the establishment of an immunosuppressive microenvironment33,

2. Elements in the tumour microenvironment (TME)

The TME is a matrix of different cell types whose overall phenotype can guide tumour
progression (Figure 6)13%. Beyond fibroblasts, endothelial cells and stromal cells, tumours are
infiltrated by many different innate and adaptive immune cells that represent the
complexity of the cancer nature®4. In the past, adaptive immune cells, specifically T cells,
have drawn the attention for their cytotoxic capacity and their success in different treatment
strategies'3>136, However, recent studies have demonstrated that the presence of innate
and other adaptive immune cells in the TME is critical in controlling T-cell fate and shaping
the overall TME phenotype. During the immunoediting process, tumoral cells, resisting the
effector immune response generated, can alter the TME into a suppressive state (“cold”
tumours) that impairs the effector function of the anti-tumour immune mediators!3*. The
balance between pro and anti-tumour inflammatory players determines the progression of
the tumour and the capacity to sustain the cancer immunity-cycle!®’. Hence, the aim of
immunotherapies is to restore a stimulatory microenvironment that promotes anti-tumour
killing, turning “cold” tumours into “hot” ones 134138139,

Immune cells found in tumours can be categorised into two main groups: anti-tumour
cells, that generally have a cytotoxic phenotype polarisation and promote tumour killing,
and pro-tumour cells, which maintain a suppressive environment that sustains tumour

growth and development (Figure 6)13414°,
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Figure 6. “Cold” vs. “Hot” tumours. A cold or pro-tumoral environment is characterised by low
immunogenicity due to lack of neoantigens and impaired MHC-I presentation. Moreover, the lack of
chemokine secretion and the fibroblast-rich stroma results in a low T-cell infiltration. The presence of
immunosuppressive cell subsets (Tregs, MDSCs, CAFs or TAMs) and the release of inhibitory cytokines
leads to T cell dysfunction. Contrarily, hot tumours are highly immunogenic and promote an anti-
tumour environment that results in tumour cell elimination. These tumours are infiltrated by CD8+ T
cells, that recognise and kill transformed cells via HLA-peptide complex interaction, and NKs that kill
non-specifically through “missing self”. The inflamed tumour phenotype releases cytokines that
recruit more immune cells like DCs and M1, which in turn contribute to maintaining the cancer
immunity cycle. Created with Biorender. Adapted from Zhang, J et al. (2022)137,

a. Anti-tumour immune environment
Cell subtypes that promote tumour elimination in the TME are T cells, DC1, type 1
macrophages (M1) and NKs. Cytotoxic T cells are the main executors of the anti-tumour

responses, and their activation and priming are mediated by DCs. High infiltration of T cells
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in tumours correlates with immune checkpoint blockade (ICB) responsiveness and better
prognosis in patients*'%2, Furthermore, a stimulatory immune environment is also
characterised by a high infiltration of NK cells, a killing subset that play a key role in the
context of cancer. Immunoedited tumours can impair MHC-| expression to avoid T-cell
recognition, which in turn makes tumour cells a direct target of NK killing. NK abundance in
tumour has been associated with increased overall survival in different cancers®43,
Tumour-associated macrophages (TAMs) represent one of the main cell subtypes within
the tumour microenvironment!4, TAMs can be polarised into the classically activated M1,
which exert anti-tumour functions, or the alternative activated M2, that promote tumour
progression and invasion**. TAMs present high plasticity and their phenotypes can be

modulated through changes in the environment or by therapeutic interventions34145146,

M1 macrophages

M1-like polarised macrophages have an intrinsic pro-inflammatory nature and a strong
capacity to present antigens in MHC-Il context. M1 macrophages are also characterised by
a high production and release of pro-inflammatory cytokines (IL-12 and IL-23; Figure 6), that
lead to the recruitment of NKs and T cells, and eventually to the activation of Th1l immune

profiles'’

. M1 macrophages can also mediate cell killing through the release of molecules
like ROS or nitric oxide (NO; Figure 6), which have direct cytotoxic effects on cells, and ADCC

that requires participation of specific antibodies'*,

b. Pro-tumour immune environment

Immune Checkpoints

Immune checkpoints are stimulatory and inhibitory pathways that modulate the
activation and functionality of T cells (Figure 6). They are important immune regulators to
maintain the balance between stimulatory and suppressive activity, therefore controlling
immune homeostasis and preventing possible autoimmune responses!*®. These pathways,
besides contributing to maintain self-tolerance, also regulate the type of adaptive immune
response, its magnitude and duration!®. In the cancer context, the expression of these
immune checkpoint molecules by neoplastic cells in the TME can dysregulate completely the
anti-tumour T-cell response, preventing T cells to exert their effector function, thus

enhancing tumour growth and development?®°. Blocking these regulatory pathways through
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therapeutic antibodies has been the biggest contribution to cancer immunotherapy
strategies in the past 30 years, and it has provided a shift in the cancer therapy paradigm®Z.
Two different groups, Dr James Allison’s?%152 and Dr Jeffery Blueston’s!3, described the
activity of cytotoxic T-lymphocyte associated protein 4 (CTLA-4) and the immune
enhancement after blockade. CTLA-4 is an intracellular molecule which upon T-cell
activation translocates to the cell surface and competes with CD28 for CD80/CD86 binding,
a co-stimulatory signal indispensable for proper T-cell activation by APCs. CTLA-4 binding to
CD28 results in arrest of T-cell activation and proliferation>%>*,

The other major immune checkpoint that has been extensively analysed in the cancer
context is the PD-1/PD-L1 axis!>*. PD-1 receptor has become the main inhibitory modulator
in the TME to negatively regulate T cell activity and prevent its antitumoral function. PD-1,
expressed by T cells, starts an inhibitory pathway mediated by phosphatase SHP-2 (tyrosine
phosphatase-2), which dephosphorylates signalling molecules downstream of the TCR
synapse®®. In turn, signalling in the subsequent cascade is attenuated and T-cell activation
and cytokine production decrease®®®. PD-1 has two ligands, the most common being PD-
L1%°, Broadly expressed by many different somatic cells upon pro-inflammatory cytokine
exposition!®®, PD-L1 is also expressed by tumour cells in the TME and its binding results in T
cell exhaustion, inhibiting the cytotoxic antitumour T cell function®®.

Beyond CTLA-4 and PD-1/PD-L1 molecules, there are other emerging inhibitory
checkpoints identified that are involved in inhibiting immune cells that contribute to the
anti-tumour response in the cancer immunity-cycle. Some examples of newly identified
immune checkpoints are TIGIT, a receptor expressed on lymphocytes that impairs T cell
priming, preventing tumour cell killing by NKs and tumour specific T cells!®®; Lag3, an
immunoglobulin-like receptor expressed on activated T cells that negatively regulates their
function in the TME®’; and TIM3, highly expressed on TILs, it can engage with Gal9 and

supress antitumour immunity by both adaptive and innate immune cells*®’.

T regulatory cells

CD4+ T regulatory cells (Tregs) are a subset of highly immunosuppressive CD4+ T
lymphocytes that serve to maintain self-tolerance and prevent autoimmunity®,
Phenotypically expressing FoxP3, these CD4+ T cell subset express high levels of cytokine IL-

10 and transforming growth factor B (TGF-B), two immunosuppressive molecules’ (Figure
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6). In normal conditions, Tregs work as immune modulators, and maintain a homeostatic
environment promoting peripheral tolerance through the regulation of effector T cells 18159,
In the context of cancer and as part of immune escape mechanisms, tumours promote the
recruitment of Treg cells in the TME, which supresses the activity of T effector (Teff) cells
and prevent anti-tumour rejection®®. The balanced interplay between Teff cells and Tregs
determines the immunological outcome of tumours®>8. These two populations of cells have
a complex dynamic characterised by an opposition in functionality. The immunosuppressive
capacity of Tregs can be compromised by the effector function of activated T cells in an acute
infectious or inflammatory state, to guarantee a clearance of infection. In a tumour context,
while a typical response represents the suppression of Teff cells by a functional Treg
population, under specific conditions such as immune modulatory therapy, this dynamic can

be reversed, and Teff cells can antagonise a Treg population to regain functionality®®8.

Myeloid-derived suppressive cells (MDSCs)

MDSCs are neutrophils and monocytes with a high immunosuppressive capacity and
represent the main suppressive cell subset in the TME, sustaining cancer progression®®
(Figure 6). MDSCs are usually divided in two main groups: polymorphonuclear MDSCs and
monocytic MDSCs, which phenotypically coincide with neutrophils and monocytes
respectively'®l. MDSCs participate actively in different immune escape mechanisms that
favour tumour progression, such as angiogenesis, pre-metastatic niche formation and
epithelial-mesenchymal transition (EMT), but the most defining feature among these pro-
tumoral functionalities is the suppression of immune cells, being T cells the main target®®?.

MDSCs can interfere with T-cell trafficking into the tumour site. MDSCs express a
disintegrin enzyme that cleaves the extracellular domain of L-selectin on CD4+ and CD8+
surface, which limits their homing into target sites!®2, Furthermore, MDSCs can negatively
regulate T cell function by producing NO, which prevents T-cell proliferation by inhibiting
the Jak/STATS pathway in T cells, or indirectly by hindering antigen presentation by
DCs'63164  Another mechanism that MDSC use to inhibit T-cell functionality is to deplete
amino acids required for proper T-cell activation and proliferation. MDSCs produce high
levels of arginase 1 which leads to the depletion of L-arginine in the TME, resulting in a down

regulation of CD3 chains and hence, T-cell proliferation arrest®,

39



Introduction

MDSCs are also high producers of suppressive cytokines, mainly IL-10 and TGF-B®®
(Figure 6). IL-10 has been proven as a non-redundant immunosuppressive mechanism and
its blockade results in an improved therapeutic outcome in patients, correlating with a
release in T cell suppression and delayed tumour progression'®”%8, TGF-B is another well-
known cytokine that negatively regulates the immunological environment in the tumour®,
TGF-B can polarise macrophages into a pro-tumoral M2-like phenotype and its essential in
Treg induction %1%, In mice models it can directly inhibit the activity of NK cells and NKT
cells in a cell-dependent manner!’2173,

Overall, MDSCs play a critical role in maintaining a pro-tumoral context and in animal
models were MDSC have been depleted, the TME breaks down allowing access and

activation of immune effectors cells65174175,

Cancer associated fibroblasts (CAFs)

CAFs are a type of stromal cells that constitutes one of the key components of the
tumour microenvironment. As established, the TME is a complex multi-cellular system, and
the interactions between cancer cells and stromal cells are critical for the tumour
evolution!’®. CAF is usually an umbrella term that clusters a variety of mesenchymal cells
from different origins that present an activated phenotype in the TME and differ in function
from regular fibroblasts'’”. CAFs represent a highly heterogeneous cell population with great
plasticity. Such heterogeneity can be attributed to the wide spectrum of origins these cells

1777181 CAFs are known to produce extracellular

can have depending on the cancer type
matrix components (ECM) such as collagen, fibronectin and hyaluronan that provide a
physical scaffold for tumour cells to evolve!®2. They also play a critical role in angiogenesis
by the secretion of pro-angiogenic factors such as VEGF!®3. Along with the immunoediting
process and the establishment of an immunosuppressive environment, CAFs also participate

in immune evasion mechanisms that help sustain this environment through the release of

factors such as IL-6, TGF-p and PGE2 that inhibit activation and function of adaptive immune

cells169:184,185

Cancer immunotherapies
Conventional cancer therapies are based on three main approaches: surgical excision,

irradiation, and chemotherapy. The major approach for either localised or metastasised
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tumours is chemotherapy, which often can be used in combination with others®. However,
chemotherapy treatment has several limitations, the most important being the high toxicity
levels. Chemotherapeutic agents have low aqueous solubility and require solvents for the
final formulation, which increases their toxicity'®®!87. Furthermore, these cytotoxic agents
have non-specific targets, acting on the DNA itself or on enzymes required for DNA synthesis
and repair'®. Cancer cells have high proliferative rates and limited repair capacity which
makes them vulnerable for these kinds of agents, but the lack of specificity of this treatment
leads to off-target damage to other tissues, such as the endothelium or hair follicles'®.
Moreover, cancer cells generate resistance to chemotherapeutic agents overtime, mainly
through the increased expression of membrane transport proteins which are responsible for
pumping the drugs out of the cells'®. Limitations of conventional therapies, mostly the lack
of treatment specificity, have created a necessity of developing new treatment approaches.

Cancer immunotherapies (CIT) have completely revolutionised cancer treatment!®,
Their aim is to enhance and modulate the patient’s own immune system to generate a
specific immune response that can target tumour cells, exactly how it would work with a
foreign viral infection381901%1 Since the onset of cancer, an intertwined relationship is
generated between the tumoral cells and the immune system. As the cancer evolves, and
the immunoediting process starts, the complex interplay between the tumour and the
immune system unfolds. The tumour progresses from the elimination phase to an
equilibrium, to finally fall towards escape in a context-depending manner®3®. The goal of
immunotherapies is to alter and modify these outcomes to obtain a complete cancer

eradication®®°,

1. Cytokines

Cytokines are one of the most important immune molecules, and they act as major
regulators of the immune system, enabling immune cells to communicate over shorts
distances'®2, As one of the main immune molecular messengers, cytokines have drawn
considerable interest in recent years (Figure 7). Their capacity to modulate the innate and
adaptive immune responses, to enhance cell mobility and to potentiate cytotoxic activity
have made cytokine therapies one of the first immune therapy approaches developed®2,
Cytokines can regulate and signal very different immune functions, such as promote growth,

stimulate differentiation, or participate in inflammatory or anti-inflammatory signalling
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processes®3, Their half-life in circulation is limited, which reduces their action span to a

defined period triggered by specific stimulus resulting in cytokines exerting either autocrine

or paracrine functions®3.
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Figure 7. Timeline of cytokine therapies. Relevant cytokine therapies either FDA approved (in green)
or in at least phase | of a clinical trial (in grey) (clinicaltrials.gov)192,194-196,

Up to 2021, there were 2630 clinical trials registered on clinicaltrials.gov using
cytokines, alone or in combination, as part of the cancer treatment!®*. Among these, IL-2
and IFNa are two of the most studied, and the only two approved by the FDA (1992 and
1995, respectively) for immunotherapeutic applications in different malignancies (Figure
7)1%51%, The approval of cytokines for cancer therapies was probably the biggest milestone
in CITs until immune checkpoint inhibitors, as it was the first time that therapeutic
interventions were able to modulate the response and alter the balance between the
immune system and the tumour, leading to durable effective outcomes!®.

IFNa belongs to the type | Interferon family, and it plays a critical role in the presentation
of cancer derived antigens as it promotes MHC-I presentation on tumour cells and induces
DC activation®®”1%8, |t is also characterised by a potent apoptotic inducing activity on tumour

cells. IFNa administration in high doses can also have antiangiogenic effects, as this cytokine

can influence the tumour vasculature®®. Other variants of this molecule, which aim to
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increase its solubility and short half-life, have also been tested to study the effects of longer
exposure time of tumour cells to IFNa 2%,

IL-2 is mostly produced by activated CD4+T cell with a Thl polarisation, followed by
CD8+ T cells, NK and NKT cells!®2. It acts mainly as a lymphocyte growth factor in the
initiation of the immune response and promotes antigen activated CD8+ T cells!®2,
Moreover, the IL-2 cytokine has also a key role in regulating the magnitude of the T cell
response and it is involved in its termination, helping maintain self-tolerance?’. On its
immunosuppressive side, IL-2 can act as a potent negative immune regulator stimulating the
Treg subset of CD4+ T cells?®2, IL-2 alone has been tested for several types of malignancies
but despite being a potent lymphocyte stimulator (Figure 7)1%620320% '||.-2 administration in
high-doses can have severe systemic side effects due to its toxicity, and its clinical
application has been hampered in the past years!®3. Second generation IL-2 formulations are

193 Furthermore, IL-2

being developed to improve its pharmacodynamic properties
administration has also been tested in combination with other treatments, which results in
enhanced efficacy. The transfer of autologous TILs expanded in vitro is almost universally
used with a combined administration of an IL-2 regime?®>2%, |L-2 has also been tested in
combination with chemotherapies showing partial or total remission in <50% of patients
(Clinical trial ID: NCT00994643; Figure 7).

Due to the therapeutic effects of IL-2, other cytokines from the IL-2 family (IL-15, IL-21)
have also been studied in clinical applications with different malignancies. Interleukin-15
shares some functionalities with IL-2, such as the stimulation of activated T cells and
production of CTLs, as well as inducing the proliferation of NK cells!®2. Whereas IL-2 has a
critical role in terminating the T-cell response and modulating its magnitude, IL-15 does not
contribute to this process and does not take part in maintaining the fitness of the Treg
subset!®?2, Recombinant IL-15 has been tested in a clinical context showing a rapid
redistribution and activation of NKs and memory CD8+ T cells upon its administration (Figure
7)207.

Interleukin-21, another cytokine from the IL-2 family, has also been studied in clinical
applications. IL-21 is involved in different immune processes, but mainly in helping induce
the activation and survival of anti-tumoral CD8+ T cells and in the development of CD4+

follicular helper cells?%82% |n a phase | study of recombinant IL-21 (rIL-21) administration to
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two different cohorts (Clinical trial ID: NCT0O0095108; Figure 7), a 50% and 89% of overall

disease control rate was observed upon cytokine administration®%°.

2. Immuno-checkpoint inhibition

As described in a previous section, immune checkpoint inhibition (ICl) is the biggest
milestone achieved in the past years among cancer immunotherapy strategies. During the
escape phase, tumour cells evade immune surveillance and elimination by activating
checkpoint pathways that supress the cytotoxic activity of immune cells?!!. ICI blocks the
immunosuppressive pathways interrupting the inhibition signalling, which results in a
restoration of the antitumour immune response?!?,

Ipilimumab, an anti-CTLA-4 antibody, was the first IC blockade approved by the FDA in
2011 (Figure 8)?12. Dr Allison and colleagues demonstrated that CTLA-4 blockade could lead
to complete tumour regression in syngeneic animal models with partially immunogenic
tumours 1152, Animals challenged with poorly immunogenic tumours did not respond upon
administration of anti-CTLA-4 as a single agent but did generate partial responses when the
antibody administration was combined with a vaccination against GM-CSF, indicating that
CTLA-4 blocking enhanced a pre-existing endogenous response against the tumour 213, With
these preclinical results, Ipilimumab entered clinical trials in patients with advanced
melanoma in the early 2000s%'*. After demonstrating for the first time that patients had a
3.5-month survival benefit compared to the standard treatments, Ipilimumab was approved
for use in advance melanoma patients?'®. Furthermore, in long-term analysis of survival after
Ipilimumab administration, patients that received the IC blocker showed an 18% increased
survival over 2 years?'®. Long-term responses after therapy supported the hypothesis that
ICI could be modulating the overall immune response generated, with prolonged results
long after administration?!®. Since then, anti-CTLA-4 antibodies have been studied in
hundreds of trials, as single agents or in combination, for many diverse types of
malignancies?!.

PD-1 has emerged as a dominant negative immune regulator of T cell activity within
tumours and peripheral tissue, and it is the target of the other main class of ICI. PD-1 is
expressed when T cells become activated, and it can engage with its primary ligand (PD-L1)

expressed on the surface of tumour cells'*®. This mechanism results in a critical immune
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Figure 8. Immuno-checkpoint inhibition (ICI). In green therapies approved by the FDA, in grey
therapies that have reached at least phase | in clinical trials (clinicaltrials.gov) 130.212,

evasion strategy in the tumour microenvironment?’2!8, The PD-1/PD-L1 axis, first
discovered?'®?2° and extensively investigated by Dr Honjo and colleagues, has become the
main immunosuppressive regulator of T cell effector functionality within tumours, and it
contributes to maintaining a pro-tumoral immune microenvironment?2!, The first preclinical
results supporting the hypothesis that interaction with PD1/PD-L1 pathways could affect
anti-tumour responses were obtained with a mouse mastocytoma cell line. In this setting,
the overexpression of PD-L1 inhibited activity of CD8+ T cells via PD-1 ligation inducing
increased tumour growth and invasiveness??2, The first anti-PD-1 antibody, which entered
phase | of a clinical study with advance melanoma patients, showed durable remission in
32% of patients??3, Since its first approval in 2014, the safety and efficacy of anti-PD-1
antibodies have been tested in a variety of solid tumours and haematological malignancies,

either as monotherapy or in combination??*. After the approval of Nivolumab, there have
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been two more anti-PD-1 (Pembrolizumab and Cemiplimab; Figure 8) approved antibodies,
and three anti-PD-L1 (Atezolizumab, Durvalumab and Avelumab; Figure 8). Currently, after
the major success of anti-PD1/PD-L1 antibodies, other IC blockade therapies are being

investigated including anti-LAG3 and anti-TIM3 antibodies.

3. Cell therapies

Adoptive cell transfer (ACT) is the other major class of cancer immunotherapy. Whereas
ICl is an antibody-based therapy, ACT is based on the transfer of allogenic or autologous
immune cells to enhance the function of the immune system and potentiate tumour
elimination??. Cells are modified or expanded ex vivo before being transferred back to the
patient??®. This strategy has been applied in naturally generated autologous TILs,
lymphocytes with engineered TCRs, adoptive transfer of NKs, and chimeric antigen receptor
T cells (CAR-T cells)'3. CAR-T cells are currently the most successful cell-based therapy in
the cancer context, with 6 CAR-T cells approved by the FDA, all for haematological
malignancies and non for solid tumours (Figure 9). These lymphocytes have engineered
chimeric receptors that recognise specific antigens on target cells, mediating their
killing?27-228, First generation CAR-T cells consisted of minimal structures expressed on T cells
formed by an activation domain, usually a CD3 chain, and an extracellular immunoglobulin-
like domain that directs specificity??>2%. These T cells can recognise antigens independently
of HLA but are unable to sustain T-cell responses, due to lack of costimulatory molecules.
Second and third generation CAR-T cells have been developed to overcome this challenge
and promote proliferation of engineered T cells and their sustained cytotoxic function upon
adoptive transfer in patients®3!. CAR-T cells represent the most successful cell-based
immunotherapy to date, especially for haematological malignancies.

The development of CAR-T cells for solid tumours has been extremely challenging
despite the promising results in hematologic malignancies?32. Targeting solid tumours does
not only rely on the antigenicity of tumour cells, but also on the capacity of engineered T
cells to traffic to the tumour site, infiltrate the tumour microenvironment and maintain an
effector phenotype to achieve durable and sustainable responses overtime?*234, The
barriers and hostile environment of solid tumours represent the biggest limitation in the

development of these cell-based immunotherapies?®2. Despite this, a significant number of

46



Introduction

trials have studied the efficacy of these therapies in different cancer types targeting tumour

associated antigens (TAAs) such as: HER2, IL-13Ra2 or CEA2357238,
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Figure 9. Development of cell-based therapies overtime. In green therapies approved by the FDA, in
grey therapies that have reached at least phase | in clinical trials (clinicaltrials.gov)226:239,

Another interesting approach of ACT is the use of autologous TILs?*. Rosenberg and
colleagues hypothesised that the use of TILs would be more effective compared to IL-2-
expanded lymphocytes from peripheral blood, as TILs would be enriched with tumour-
specific T cells®®. Certainly, TILs were 50 to 100 times more effective than peripheral
expanded T cells in rejection of lung and pancreatic solid tumours in mice?*. In patients with
metastatic melanoma, transfer of autologous TILs plus high-doses of IL-2 resulted in 34% of
overall response rate (complete and partial responses)?*l. A key aspect that plays an
important role in determining the clinical outcome of patients undergoing ACT of TiLs is the
phenotype and tumour reactivity of the autologous TILs. Tumour-reactive enriched TILs are
associated with higher overall response?*?. Within this population, neoantigen-specific T
cells have gained special interest in the past years. Expanding T cells with TCR specific for
tumour neoantigens probably constitutes the most advanced and personalised strategy
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among cell-based immunotherapies. Successful tumour regression in patients that have
received TILs is likely mediated by these neoantigen specific T cells, as they target neo-
epitopes generated by de novo somatic mutations that are not expressed in healthy
tissue?¥32%5, This technique has been successfully used in several trials of different cancer
types and has shown promising results, obtaining complete and partial responses durable in
time (Figure 9)2*¢2%8, However, the ACT of neoantigen-specific TILs still has important
limitations, such as the complex process of neoantigen identification and specific TIL
isolation, the homing and infiltration of the tumour by transferred T cells and the effect of
the immunosuppressive microenvironment??®, An alternative strategy to autologous
neoantigen-specific TILs is the use of T cells with engineered TCRs. These can be genetically
altered to express TCRs specific for TAAs or for neoantigens (Figure 9)%%°.

Finally, other cell-based therapies being currently investigated are the ones involving
the use of NK cells. NKs are professional killer cells that do not have antigen specific
receptors; therefore, they can recognise and kill target cells independently of HLA. Besides
their role as killers, NKs also modulate the innate and adaptive immune response via cellular
crosstalk and cytokine production?>°. Adoptive transfer of NKs constitutes a promising
strategy because they do not require antigen exposure to elicit their cytotoxic response.
Moreover, NKs have limited persistence in vivo which results in a decrease of systemic
toxicities associated with some lymphocyte cell transfer therapies??. Finally, NKs with a CAR

receptor that mediates recognition of antigen-expressing cells are also being explored??2.

4. Vaccines
Vaccines developed to prevent infectious diseases constitute the biggest public health

success in the modern era®3

. Vaccines against viral or bacterial pathogens have
demonstrated high efficacy, and a recent excellent example of this are the vaccines
developed for the COVID19 pandemic?>*2%8, Approaching cancer as a malighancy that can
be treated through vaccination has a clear rationale based on extensive knowledge of the
intricate relationship between the immune system and cancer growth, and it is an obvious
extension of vaccine functionality. However, despite preclinical and clinical data?>®2%°
supporting the promising approach of therapeutic cancer vaccines and their benefits, this

journey has been a frustrating one. The increased interest in other immunotherapeutic

strategies such as ICl and CAR-T cells have drawn focus away from vaccine development.

48



Introduction

Only one cancer vaccine (Sipuleucel-T) has been approved by the FDA since 2010, more than
10 years ago. Sipuleucel-T is a type of vaccine that consists in the activation of autologous
PBMCs ex vivo with a prostate recombinant fusion protein with GM-CSF (PAP-GM-CSF)?61.262
for castration-resistant prostate cancer patients. Upon vaccination with Sipuleucel-T,
patients showed a 22% reduced risk of death over the placebo group?®2.

Lin et al. reviewed thoroughly the field of cancer vaccines and classified all the current
approaches based on: (i) characteristics of the tumour antigen selected, (ii) frequency of
expression of the antigens in each patient’s tumour, and (iii) strategy used for antigen
uptake from APCs (Figure 10)263.

Antigens used for vaccine development can be known or unknown (Figure 10). Known

or predefined antigens are identified ahead using antigen identification pipelines?®*, and

their expression by tumour cells is confirmed. Then, these antigens are formulated as
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Figure 10. Types of cancer vaccines. Classification of cancer vaccines according to antigen type,
antigens can be known (predefined) or unknown (anonymous). Among predefined antigens, these
can be individual for each patient or shared among several different tumours that express the same
antigens. Regarding anonymous antigens, these cannot be identified before, therefore antigens need
to be colocalised with DCs, which can be done ex vivo or in situ. Created with Biorender. Adapted
from Lin, M.J et al. (2022)263,
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peptides, DNA/RNA or nanoparticles and administered following a classical vaccination
strategy?®®. On the other hand, unknow antigens cannot be formulated into molecules for
administration, and thus need to be loaded onto APCs, which can be made either ex vivo or
in situ (Figure 10)2%5, A proper activation of loaded cDCs with tumour antigens is critical to
ensure cross-presentation and efficient T cell priming?. Whereas ex vivo APC loading
involves excision of tumour cells, followed by their lysis and delivery to autologous APCs?%5;
in situ vaccines promote APC uptake in the tumour site by induction of immunogenic-cell
death (Figure 10)?%¢. Vaccines using anonymous or unknown antigens can promote T-cell
reactivity against a larger number of antigens, most of them difficult to identify and not
included as filters in the predefined antigen identification pipelines.

Vaccines using known or predefined antigens can be further differentiated according to
the level of expression of the chosen antigen among different patients and tumours.
Antigens expressed in a sufficient number of patients, so-called shared antigens, might be
suitable candidates to develop “off-the-shelf” cancer vaccines (Figure 10)2%3, “Off-the-shelf”
therapies aim to target a group of patients probably expressing a specific tumour type
subset?®’. These strategies are less time consuming and require less resources than
personalised approaches. Known shared antigens can include: TAAs, which can be tissue
specific or development specific, and TSAs that can origin from non-synonymous somatic
mutations or viral antigens?®’. Tissue specific TAAs are antigens overexpressed in the tissue
where the cancer is developing, and one of the most important examples of this is the breast
cancer associated human epidermal growth factor 2 (HER2)?®8. HER2 is overexpressed in
30% of breast cancer tumours and has been the target of anti-HER2 monoclonal antibody
therapy?%°=2", Several peptide-based vaccines using HER2 HLA-I or HLA-2 restricted epitopes
failed to elicit relevant responses with clinical benefit?’2273, but a multiepitope combination
of both types of peptides, targeting the generation of CD4+ and CD8+ T-cell responses,
showed durable responses for more than one year in vaccinated patients?’. Another type
of TAAs are the development-specific antigens®”>, such as WT1 and NY-ESO-1, expressed in
several types of cancer (melanoma, breast cancer, cervical cancer, etc)?’5?’7, A WT1 peptide-
based vaccine with high HLA-I affinity (Galinpepimut-S) was able to elicit immune responses
associated with 5-year survival, and the study progressed to a phase 111273,

In contrast, TSAs or neoantigens are exclusively found in tumour cells and are often

drivers of oncogenesis?’®. Cancer gene drivers, localised in mutational “hot spots”, are
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common among several patients?’®. Therefore, altered peptides originating from these
mutations can be presented in common HLA alleles, giving neoantigens that are shared
among patients expressing the same tumours and the same HLA allele?’>. However, these
so-called public neoantigens, do not constitute the vast majority of neoantigens yield by
driver mutations, which most often are private and patient specific?’®. Public neoantigens
can also be the target of “off-the-shelf” vaccines, and developing resources for the
identification of these patients with a relevant expression of public neoantigens is a major
challenge?’8. Some examples of well-known public neoantigens have derived from mutation
in these genes: EGFRvIII, KRAS, Tp53 and BRAFV600E 280-284

Vaccines using known shared antigens have been the main focus in cancer vaccine
development since the early 90s. They have drawn the attention from personalised
neoantigens as possible therapeutic targets, as the complexity of analysing T cell-reactivity
on a patient-basis was too resource consuming??. Now, with the development of high-
throughput techniques such as Next Generation Sequencing (NGS) and T-cell based assays,
the use of neoantigens is gaining interest and has probably become the most novel and

advance strategy among cancer vaccines.

i. Neoantigens

Personalised neoantigens, unlike public shared neoepitopes, are unique for each patient
and are the most common type of TSAs, most often originating from non-synonymous
somatic mutations?%3. The clinical relevance linked to the use of neoantigens in a therapeutic
context is associated with their intrinsic characteristics. Neoantigens arise from DNA
alterations that can lead to completely new DNA stretches non-exiting in normal tissue??.
These alterations include single-nucleotide variants (SNVs), indels and structural
variants?8>288_ For viral associated tumours, open reading frames in the viral genome can
also lead to neoantigen expression. From an immunological perspective, these antigens
being truly foreign brings crucial benefits, as the repertoire of T cells that can recognise them
is not subjected to central tolerance, and thus will not be eliminated in the thymus during
positive selection??. Furthermore, the absence of these neoantigens in healthy tissue
guarantees that the T-cell response generated upon vaccination will not be associated with

off-target damage??.
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a. Neoantigen-based therapeutic cancer vaccines

Altogether, cancer vaccine strategies are moving towards the development of therapies
that harness the heterogeneity of tumours by trying to overcome challenges such as clonal
evolution and immune escape mechanisms, which can eventually edit the expression of
specific antigens?®’. This involves targeting multiple neoantigens that are personalised to
each individuals’ tumour?2. However, only a minor fraction of mutations is presented by
MHC molecules and generates relevant immune responses. For that reason, an accurate
prediction or identification of mutations that lead to immunogenic neoantigens is a key step
in the cancer vaccine developmental process?? (Figure 11). There are three main approaches
to identify genetic variations in a tumour: (i) In silico computational pipelines, ii) mass-
spectrometry, and (iii) T-cell based assays, which can also be used to validate in silico
predicitons?2.

The current process usually starts with the detection of aberrant tumour-specific
mutations using whole-exome sequencing (WES)?%. Briefly, DNA libraries from tumour cells
and normal cells are generated and compared to detect mutations (Figure 11). In addition,
RNA-sequencing data is also included to detect possible alternative splicing events and
determine the actual level of expression of the mutation?®. Then, in silico computational
pipelines will take all the data obtained from the variant calling and the RNA expression and
apply sequential filters to further select these mutations as possible immunogenic
peptides?®®. Two main filters need to be applied to resolve if a mutation will lead to a T-cell
recognised-neoantigen. First, knowing if the peptide generated will be loaded onto an MHC
molecule, and second, if the MHC/p complex will be recognised by a TCR. NetMHC?*° and
NetMHCPan?®®2°2 gre examples of algorithms that allow prediction of epitope binding to
MHC molecules. Furthermore, other pipelines incorporate extra steps, such as algorithms
that predict peptide processing through correct proteasomal degradation and transport to
the ER (NetChop, NetCTL or NetCleave)?°*2%*, However, ensuring the correct presentation of
the peptide candidates in the MHC molecules does not guarantee they will elicit a T-cell
response?®>2%, Thus, adding a second main filter that can determine the interactions

between MHC/p complexes and TCR is crucial in the peptide identification pipelines?®*,
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Figure 11. Neoantigen vaccine pipeline. Classical workflow of the development of neoepitope
vaccines. First, mutations are identified from WES of tumour cells and healthy tissue. Then, several
filters are applied in the in silico pipelines to predict if these peptides generated from mutations will
be immunogenic, and thus will be correctly presented by MHC-I molecules. After the in silico
prediction, the selected candidates are formulated as vaccines through different delivery platforms.
Created with Biorender. Adapted from Hu, Z et al. (2018) 297,

An in depth understanding of epitope presentation and immunogenicity is still yet to
come, and the fact that the different pipelines developed until now give very different
outputs of immunogenic peptide prediction is an example of that. To improve our ability to
predict relevant neoantigens, which is indispensable for developing personalised vaccines,
the Tumour Neoantigen Selection Alliance (TESLA) has been formed to keep exploring the

different in silico pipelines developed in different research groups.

b. Types of neoantigen vaccines

Besides the importance of immunogenic neoantigen prediction, vaccine design and
formulation are also critical for proper peptide presentation to DCs and optimal T-cell
activation. At present, the vaccine platforms tested in ongoing clinical trials include long
synthetic peptides (LSP), nucleic acid-based vaccines (DNA or RNA), DCs vaccines and

nanoparticles (Figure 11)%%7,

LSP vaccines are currently the most common studied platform to date in preclinical and

clinical studies (Figure 12)%%%2%° This platform has several advantages regarding safety and
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feasibility. The manufacturing processes are standardised and well characterised, peptides
have high stability and, additionally, are easy to administer in human clinical trials?’. LSP
are usually 20-30 amino acids long and peptides of this length are preferentially processed
and presented by DCs and thereby enhance CD8+ T-cell activation3?. Moreover, processed
long peptides can bind both MHC-I and MHC-II molecules, eliciting also CD4+ T-cell
responses as well as CD8s. This has been observed in different trials, where preferential
presentation of MHC-II restricted peptides occurred3°1-3%3, Gubin et al. conducted notable
work in a preclinical setting where they tried to identify targets of T-cell reactivity upon IC
blockade therapy in mice, followed by the formulation of a LSP vaccine incorporating these
mutants identified after ICI. After vaccination, the tumour rejection induced was
comparable to the one obtained post-ICl therapy3®*. In a clinical application, NeoVax is a long
peptide-based vaccine evaluated in a phase | trial with stage Il and IV melanoma patients
(Figure 12)3°1, The vaccine comprised around 20 peptides and it was formulated along with
a PolyICLC adjuvant, a TLR3 agonist3°!. The four patients with stage Il melanoma remained
cancer free for up to 32 months, and specific CD4+ T and CD8+ T cells were detected after
vaccination3?,

Among nucleic acid-based vaccines, both DNA and mRNA vaccines have been developed
as means to encode the antigens of interest to be transcribed or translated upon delivery,
respectively?®’. DNA vaccines can provide adjuvant functionality, as double-stranded DNA
or unmethylated-GC-rich plasmid DNA can work as build-in adjuvants and stimulate the
innate immune system directly (Figure 12)3%°. Nevertheless, these vaccines have shown poor
immunogenic results in vivo and very few candidates have progressed into phase Il trials3°.
On the contrary, mRNA vaccines have gain increased interest in the past years, more so since
the COVID19 pandemic and the successful formulation of SARS-CoV2 mRNA-based vaccines
distributed worldwide (Figure 12)%®. The technological advances made during this time have
accelerated exponentially the development of cancer mRNA vaccines and their interest in
clinical application3”’. These vaccines have become attractive and robust delivery platforms
because of their versatility, feasibility, and large-scale development potential®®’. A
personalised mRNA poly-neoantigen vaccine for patients with melanoma reported robust T-
cell responses and strong anti-tumour immunity, with one patient (out of 5) showing a
complete response when the vaccine was combined with anti-PD-1 antibody3®. In

pancreatic cancer, Balachandran and colleagues published results of a personalised mRNA

54



Introduction

neoantigen vaccine phase | trial®®, 16 pancreatic ductal adenocarcinoma patients were
treated with anti-PD-L1, followed with recurrent mRNA immunisations with up to 20
neoantigens per patient3®, In 8 out of 18 patients vaccination induced de novo strong T-cell

responses against at least 1 neoantigen included in the formulation38,
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Figure 12. Neoantigen cancer vaccines. Among types of neoantigen vaccines that have reached at
least phase | in clinical trials there are DC based vaccines, peptide vaccines, DNA based vaccines and
RNA based vaccines (clinicaltrials.gov)261.301,

ii. Nanoparticles. Virus Like particles
Besides all the other types of vaccines formulations available, virus-like particles (VLPs)
are an attractive alternative that has gain interest in the past years, and research efforts
have been made towards their development and application in several fields3%. VLPs are
self-assembled viral protein particles that mimic the conformation and structure of native
viruses but are not replicative, and hence they lack infectivity®%. VLPs represent an efficient

and safe strategy for the delivery of antigens, as they can serve as a scaffold or carrier for
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the presentation of epitopes to DCs31%31%, VLPs can present conformationally advantages
compared to individual proteins or peptides, as they expose epitopes in a similar way as
native viruses, and thus, the antibody and cellular response are expected to be enhanced>®,
Generally, VLPs have been developed as a vaccine platform against viral infections, but their
application in cancer therapeutic strategies has had some relevance in recent years3!!. As
aforementioned, an efficient antigen uptake from DCs is critical for an optimal T cell priming,
which is indispensable for the correct elimination of tumour cells. VLPs have the appropriate
size to drain freely to LN and thus encounter DCs for antigen presentation32,

Structurally, VLPs are classified as non-enveloped or enveloped particles, depending on
the presence or absence of an external lipid bilayer®!. Non-enveloped VLPs are simpler in
structure as they are composed of a single or multiple capsid protein that assembles®3. On
the contrary, enveloped VLPs contain a lipid bilayer derived from the producing host cells
during the assembly and budding process®’®. Depending on the structural protein of the
virus used and the nature of the host cell, the characteristics of this lipid bilayer and its
protein content will differ3!*, The formation of enveloped VLPs is a two-step process that
requires the formation of the nucleocapsid and/or matrix first, and then the acquisition of
the lipidic bilayer3®,

In the cancer context, VLP-based vaccines have been tested in preclinical and clinical
studies in different malignencies®!!. A relevant preclinical study tested a VLP coated with a
melanoma associated antigen, the human glycoprotein 100 (gp100)3!. The protein was
incorporated in a RHDvirus based VLP, and vaccination in mice generated a robust CD8+ T
cell proliferation and IFNy production. Immunisation with gp100-VLP also showed a
therapeutic effect against tumour development in mice, and vaccinated animals remained

tumour free for over 60 days>'®.

a. HlIV-based Virus Like Particles

VLPs can be produced from many different viruses, one being the human
immunodeficiency virus-1 (HIV-1). During the virus life cycle, the assembly of new HIV-1
virions depends on the viral structural protein Gag3!”3!2, HIV-1 Gag-based VLPs are formed
similarly, upon Gag synthesis, the protein migrates to the host cell membrane where it
oligomerises, which results in budding of enveloped VLPs mimicking HIV-1 virion’s size and

morphology (Figure 13a)3'’.
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HIV-1 Gag-based VLPs have been used as vaccine immunogens to elicit immune
responses against Gag or Gag-pol proteins®!°. However, these versatile VLPs can also be used
as carriers since they can incorporate immunogens on the surface of their lipid membrane
317 Despite this, one of their major limitations is the low-density incorporation that can
occur because of the structural mimicry to HIV-1. HIV-1 has evolved to evade the immune
system by incorporating Env molecules poorly, reducing antibody avidity3?°. This poses a
significant challenge in strategies that rely on high-density incorporation to elicit potent
responses®?, In our case, the first Gag-VLPs our group developed expressing antigens on
their surface were produced by the co-transfection of an antigen of interest and the Gag
protein. This resulted in low density Gag-VLPs, incorporating a reduced number of antigens
(Figure 13b). To overcome this limitation, our group has been working on a new VLP design
based on the fusion of the immunogen of interest and the Gag structural protein through a

321,322

transmembrane domain and a linker sequence . This allows for an equivalent

incorporation of the immunogen for every Gag molecule expressed. (Figure 13c).
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Figure 13. HIV-1 based Virus-Like Particle development. a) HIV-1 Gag-based VLP generated from the
oligomerisation of the Gag protein. b) Low density VLP incorporating an antigen of interest on the
surface. c) High-density fusion protein VLP generated by the fusion of the antigen of interest to the
Gag protein through a transmembrane domain.
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Hypothesis

HYPOTHESIS

Cancer immunotherapies are currently the most novel approach in the treatment of
cancer. These therapies have dramatically reshaped the cancer treatment field by reducing
associated side effects and increasing their specificity. Among these different strategies,
cancer vaccines aim to generate robust tumour-specific T-cell responses able to eliminate
tumour cells and control tumour progression. However, the complexity and heterogeneity
of tumours have raised the necessity of developing more personalised vaccines that target
tumour specific neoantigens.

Our group has developed a novel HIV-1 Gag-based VLP platform that expresses a high
density of antigens on its surface by the fusion of an antigen of interest to the Gag protein
through a transmembrane domain32. Here, we hypothesised that this platform could be
adapted in a cancer context and used to display cancer neoantigens, which would be
expressed as a polypeptide of concatenated neoepitopes.

Delivering neoantigens as single polypeptide molecules is a common strategy3°1398323,
but the proteasome trimming process can hamper the presentation of the selected
neoepitopes, potentially affecting the CTL response generated. We hypothesised that
adding designed linker sequences flanking the epitopes can enhance the peptide processing
and MHC-I presentation.

Taking advantage of the HIV-1 Gag-VLP design, we expect that neoantigen VLPs will

generate a strong T-cell response in a mouse model with relevant antitumour activity.
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AIM AND OBJECTIVES

The main aim of this project is to optimise, characterise and purify HIV-1 Gag-based VLPs
as a personalised neoantigen vaccine platform and test its immunogenicity in an animal
model.

Thus, the specific objectives to fulfil this aim are:

1. To design neoantigen concatenated polypeptide sequences that enhance antigen

processing and MHC-I presentation.

2. To adapt the HIV-1 Gag-based VLP platform to display concatenated neoantigens
by optimising the design and production of Gag-neoantigen fusion proteins
(neoVLPs).

3. To test the immunogenicity of neoVLPs in a mouse model, assessing their capacity
to generate detectable neoantigen-specific T-cell responses.

4. To study the antitumoral efficacy of neoVLP vaccination in a tumour challenge in

vivo experiment in a mouse model.
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Materials and methods

SECTION 1: Analysis and comparison of linker sequences and their effect in
antigen processing and presentation in a neoantigen polypeptide vaccine.
Cell lines

B16-F10 cells (ATCC CRL-6475) were grown and maintained in Dulbecco’s Modified
Eagle Medium (DMEM) containing 4.5 g/L D-/L-Glucose and 110 mg/L Sodium Pyruvate
(Gibco) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco). Cells were

cultured at 37 °C in a humidified 5% CO, atmosphere.

Design and molecular cloning of multi-epitope genes

Thirteen B16-F10-derived neoantigens (nine amino acids long) were selected based on
their putative binding to MHC-I. We designed a single chimeric gene containing (from N-
terminal to C-terminal ends): a signal peptide (MDWTWRFLFVVAAATGVQS), a FLAG tag
(DYKDDDDK), all selected peptides, the OVA peptide (SIINFEKL) positioned as indicated in
the text, and the CD44 transmembrane domain. The cytosolic domain of CD44 was not
included. Thus, the recombinant proteins were designed to be detected on the surface of
the transfected B16-F10 cells by flow cytometry. All regions and peptides were spaced by
specific short linkers: 1) AAA (5’-GCTGCTGCC-3’), 2) AAL (5-GCTGCCCTG-3), 3) ADL (5'-
GCTGACCTG-3), 4) A (5-GCC-3") and 5) GGGS (5-GGAGGCGGCTCT-3"). One individual
construction was prepared for each linker used. In addition, an intracellularly expressed
version of each polypeptide described above was designed lacking the signal peptide and
the CD44 transmembrane domain. These artificial genes were synthetised by GeneArt

(Invitrogen) and cloned in a pcDNA3.4 vector (Invitrogen).

Expression and western blot analysis

B16-F10 cells were seeded in a 12 well-plate at a rate of 1x10° cells/well. Cells were
transfected 24 hours post-seeding using the Lipofectamine 3000 Reagent (Thermo Fisher
Scientific) following manufacturer’s instructions. Six hours post-transfection, cells were
stimulated with mouse IFNy (Biolegend) at a final concentration of 20 ng/mL and incubated
for 48 hours. After that, cells were treated with 10 uM of MG132 (Sigma) for 4 hours. Only
stimulated and only treated cells, as well as untreated and unstimulated cells, were also
included in the experiment as controls. Cells were washed twice with 1xPBS pH 7.4 (Gibco),

detached using Versene (Gibco), transferred to a clean tube and centrifuged for 5 min at
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420xg. Cell pellet was resuspended in lysis buffer containing 1x RIPA buffer (Cell Signaling)
and protease inhibitors HALT (Thermo Scientific) and PMSF Cell Signaling) and centrifuged
for 10 min at 10,000 rpm at 42C. The supernatant containing the cell lysate was recovered.
Proteins were discriminated by SDS-PAGE using 4-12% Bis-Tris Nu-PAGE under reducing
conditions (Thermo Fisher Scientific) and electro-transferred to a PVDF membrane using the
Trans-Blot Turbo Transfer Pack (BioRad). Nonspecific binding sites were blocked using 1xPBS
pH 7.4, 0.05% of Tween20, and 5% of non-fat skim milk (blocking buffer) at room
temperature (RT) for one hour. Subsequently, the membrane was washed 3 times with wash
buffer (1x PBS, 0.05% Tween20), and incubated with diluted mouse anti-DYKDDDDK
monoclonal antibody (MA1-91878; Thermo Fisher Scientific; dilution 1:1,000) with gentle
shaking overnight at 42C. Alternatively, the membrane was incubated with diluted anti a-
actin monoclonal antibody-HRP conjugated (clone BA3R, Thermo Fisher Scientific; dilution
1:3,000) with gentle shaking for 1h at RT. The washed membrane was incubated with diluted
Peroxidase AffiniPure Donkey anti-mouse IgG (H+L) antibody (Jackson ImmunoResearch;
dilution 1:10,000) with gentle shaking for 1 hour at RT. Finally, the membrane was
developed using the SuperSignal West Pico PLUS Chemiluminescence Substrate (Thermo
Fisher Scientific), and images were obtained using a Chemidoc™MP Imaging System

(BioRad).

Expression and flow cytometry analysis

B16-F10 cells were transfected as indicated above. Six hours post-transfection, cells
were stimulated with mouse IFNy (Biolegend) at a final concentration of 20 ng/mL and
incubated for 48 hours. After that, cells were treated with 10 uM of MG132 for 4 hours.
Untreated and unstimulated cells were used as controls. To detach cells, they were washed
twice with 1xPBS pH7.4 (Gibco) and incubated with Versene (Gibco). Detached cells were
stained extracellularly using APC anti-DYKDDDDK antibody (clone L5, Biolegend; dilution
1:400). After staining, cells were washed three times and fixed in a formaldehyde 1%
solution. For some experiments, cells were fixed and permeabilised using the Fix&Perm Kit
(Invitrogen) and the antibody staining was performed intracellularly. Cells were incubated
in Medium A for 15 mins in the absence of light. After that, cells were incubated for 20 mins
in the antibody dilution in Medium B with 5% FBS. After staining cells were washed three

times and resuspended in staining buffer. All samples were acquired with a BD
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FACSCelesta™ Cell Analyser. Al data collected was analysed using the Flowlo v10.6.2

Software (Tree Star Inc.).

Epitope presentation assay

B16-F10 cells were transfected and IFNy stimulated as indicated above. As positive
control, non-transfected but IFNy stimulated cells were incubated with the OVA peptide
(SIINFEKL; InvivoGen) at a final concentration of 10 uM for 2 hours prior to cell harvest as
indicated before. Cells were centrifuged at 420xg for 5 min, resuspended in staining buffer
(1xPBS + 1% FBS) and stained using an APC-conjugated anti-mouse H-2K"D® (clone 28-8-6,
Biolegend; dilution 1:1000) and a PE-or APC-conjugated anti-mouse H-2K?/SIINFEKL (clone
25-D1.16, Biolegend; both dilutions 1:500). Cells were washed and fixed in formaldehyde
1%.

When transfection controls were added to the experiment, the transfection of B16-F10
cells was done using a mix of two plasmids in a 1:4 ratio: 1) pMAX GFP vector (Amaxa), a
GFP expressing plasmid, and 2) pcDNA3.4 coding for the polypeptide. Six hours post-
transfection, cells were stimulated with mouse IFNy as previously explained. Cells were
washed twice with 1xPBS and detached with Versene (Gibco). Cells were centrifuged at
420xg for 5 mins and resuspended in staining buffer. Then, cells were stained with the
antibody APC-conjugated anti-mouse H-2K°/SIINFEKL (clone 25-D1.16, Biolegend; dilution
1:500) for 20 mins at RT. Consequently, cells were washed and fixed with formaldehyde 1%.
All samples were acquired with a FACSCelesta flow cytometer (BD Biosciences) and the

acquired data was analysed using the Flow-Jo software (Tree Star Inc.).

Splenocyte activation and proliferation assay

B16-F10 cells were transfected as indicated above and stimulated with IFNy for 48h. On
day 2 post-transfection, cells were washed twice with 1xPBS and detached with Versene
(Gibco). Cells were then seeded at two different densities: 10,000 or 20,000 cells per well in
flat bottom 96-well plates, to test two different ratios with the splenocytes (1:20 and 1:10
respectively). Spleens from OT-I mice (Charles River) were collected in 1xPBS pH7.4 (Gibco)
after sacrifice. A single cell suspension was obtained through mechanical disruption of the
spleen using 70 um cell strainers (542070, DDBiolab). Cells were washed with R10 (RPMI

(Gibco) supplemented with 10% FBS (Gibco). Red blood cells were depleted by incubating

67



Materials and methods

the cell suspension with an ACK (Lonza) buffer for 2 min at RT. After centrifuging, cells were
washed twice, resuspended in R10 medium, and counted. Cell concentration was adjusted
to 2-10M/mL for CFSE (C34554, Life Technologies) staining. Cell suspension was incubated
with a CFSE 0,25 uM dilution for 5min at RT. R10 was added after 5min and cells were
thoroughly washed with 1xPBS pH7.4 (Gibco) at least three times to remove any remaining
traces. Cells were counted again, and concentration was adjusted to 2M/mL. 2x10°
splenocytes/well were added to the previously seeded plate with the transfected B16-F10.
As positive controls, the OVA peptide (InvivoGen; 1 ng/mL) and Concanavalin A (L7647-
25MG, Merck; 2 pg/mL) were used. Finally, CD28 (16-0281-82, Thermo Fisher) was added as
a costimulatory antibody at 1 pug/mL. Activation and proliferation of CD8* OT-I cells were
analysed at 24 and 72 hours, respectively, by Flow cytometry. In brief, cells were harvested
and stained with viability stain solution (565388, BD) at a 1:4000 dilution and were incubated
for 15 min at RT. After washing three times, cells were stained with the following antibodies:
anti-CD19 (560245, BD), anti-CD3e (551163, BD), anti-CD4 (56-0042-82, Thermo Fisher),
anti-CD8 (560778, BD), anti-CD25 (566228, BD) and anti-CD44 (561862, BD). Finally, cells
were washed, fixed with a formaldehyde 1% solution, and acquired in a FACSCelesta flow
cytometer (BD Biosciences). Acquired data was analysed using the Flow-Jo software (Tree

Star Inc.).

Statistical analysis

Levels of MHC-I/SIINFEKL on the surface of B16-F10 cells were expressed as geometric
mean (GeoMean) and percentage of positive cells. Data was analysed using a Kruskal-Wallis
test corrected for multiple comparisons using the Dunn’s test or by False Discovery Rate
(FDR) method of Benjamin and Hochberg in the GraphPad Prism 7.0e software. The exact

test used in each experiment is indicated at the corresponding figure caption.
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SECTIONS 2 and 3: Optimisation of HIV-1 Gag-based VLPs for a functional display
of cancer neoantigens.

Cell lines

B16-F10 (ATCC, CRL-6475) and Pan02 (DCTD Tumour Repository, 0507795) cell lines
were cultured in DMEM (Gibco) supplemented with 10% FBS (Gibco; D10). Cell cultures were
maintained in a humidified incubator at 37 2C with 5% CO,. Cell line was mycoplasma-free,
assessed by PCR.

Expi293F cell line (ThermoFisher Scientific) were used for protein production. Cells were
cultured in Expi293 Expression medium (Gibco) at 372C, 8% CO; and under agitation at
125rpm.

Whole exome and RNA sequencing

DNA whole exome libraries of B16-F10 and Pan02 cell lines and C57BL/6JOlaHsd
germline sample were prepared with Agilent Mouse All Exon kit (Agilent) following
manufacturer’s instructions. For RNA sequencing, a total of 1 ug of RNA from the B16-F10
or Pan02 cell line (RIN > 7 and rRNA ration > 1) was used. RNA library was prepared using
the TruSeq Stranded Total RNA Library Prep Gold (Ribozero) kit (lllunima) following
manufacturer’s instructions. Quality control of DNA libraries was assessed with Bioanalyzer
2100 (Aligent) and further quantified by qPCR, normalised, and multiplexed into a balanced
pool. DNA- and RNA-derived libraries were sequenced on an lllumina NovaSeq600 platform
(2x150 paired-end chemistry). Sequencing output of WES and RNA-seq per library yielded
18 Gb (>500X) and 200M reads, respectively.

In silico neoantigen selection*
B16-F10

To identify and select candidate neoantigens, first the reads from WES were matched
to identify somatic mutations. Then, to predict the likelihood of the peptides generated from
these mutations to bind to MHC-I molecules, and thus forecast their immunogenicity, the
BSC developed the Neoantigen Optimisation AlgoritHm (NOAH). NOAH is a pan-allele
method based on a position-specific weight matrix (PSWM) approach. It works under the

assumption that binding strength relies on: (i) each position of the peptide; and (ii) the
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residues of the allele that are in contact with each peptide’s amino acid. The final score
produced by NOAH is the addition of all local contributions, one per amino acid (aa) in the
peptide. With this approach they have reported a correlation between binding score and
immunogenicity, not observed in the current state-of-the art neural network methods.

The neoantigen selection using NOAH was then based on different criteria: i) being
classified as binders by NOAH in consensus with two additional widely used prediction
methods, NetMHCpan432* and MHCflurry3?; ii) having an expression filter of more than 5

RNA reads; iii) having a clonality value > 0.2.

Pan02

After performing WES of the tumour cell line and healthy tissue, the read alignment was
performed with BWA-MEM and the variant calling of somatic mutations with Mutect2.
Neoepitopes derived from tumour mutations were then evaluated with PredlG (which
includes NOAH for HLA binding affinity, and NetCleave for proteasomal processing) to assess

their immunogenicity.

Plasmids

HIV-1 Gag-based VLPs were design to generate enveloped particles capable of
expressing antigens of interest on their surface. The fusion-protein VLP contains the
structural Gag protein fused to the antigen of interest by a transmembrane domain and a
linker. In the case of the neoVLPs presented here, two types of constructs were designed.
The classical neoVLPs where the neoantigen polypeptide was fused to Gag at the N-terminal
of the protein, and the C_neoVLPs where neoantigens were expressed at the C-terminal,
and thus expressed at the core of the particle. Classical N-term neoVLPs, containing
neoantigens from the B16-F10 cell line, were generated by concatenating the selected
neoantigens or frame shifts by an AAA spacer, followed by the transmembrane domain of
mouse CD44 and fused to HIV-1 subtype B GAGyxs2. At the N-terminus we could also find a
signal peptide and the FLAG tag (DYKDDDDK).

C_neoVLPs had the concatenated neoantigens from the Pan02 cell line cloned at the C-
terminus of the HIV-1 Gag protein. These new C_neoVLPs had a GGGS spacer between the
Gag protein and the neoantigens, and these were separated by AAA linker sequences. At the

C-terminus there was also a 6xHis tag.
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As controls, two separate VLPs working as empty carriers were generated for the two
types of constructs designed. For the N-terminal approach, a NakedVLP was designed where
the FLAG tag was directly fused to the murine CD44 transmembrane domain and HIV-1
subtype B GAGnxs;. For the C_neoVLPs, the control VLP included the Gag protein alone and
a 6xhis tag (C_Gag).

All coding sequences were codon optimised and synthetised by GeneArt (Invitrogen)
and cloned into pcDNA3.4 (Thermo Fisher). All plasmids were transformed in One Shot
TOP10 Chemically Competent E. Coli (Invitrogen) or Mix&Go Competent cells (Zymo
Research) for plasmid DNA amplification. Endotoxin-free plasmids were purified using the
ZymoPURE Il Plasmid Maxiprep Kit (Zymo) and filtered at 0.22 um (Millipore). Nucleic acid
concentration was measured based on the absorbance at 260nm using NanoDrop One/One

(ThermoFisher Scientific).

Vaccine production and purification

NeoVLPs were produced by transient transfection using Expi293F cells and the
Expifectamine293 Transfection Kit following manufacturer’s instructions (Thermo Fisher).
Cellular cultures were harvested 48h post-transfection by centrifugation at 400xg for 5 min.
A protocol to extract intracellular neoVLPs was adapted from Titchener-Hooker et al 326327
(Figure 14). Cell pellet was resuspended in 1 PV of 20mM phosphate buffer with 2mM EDTA
(ThermoFisher Scientific), 2mM EGTA (Merck) and a protease inhibitor cocktail (cOmplete
ULTRA™ Tablets EDTA-free, Merck). Cell disruption was carried out manually using a Tissue
Grinder (CS1, Kimble Chase) for 1 min on ice. Disrupted cells were collected by centrifugation
(3000xg for 15 min at 42C) and the cellular pellet resuspended in the phosphate buffer
containing 0.2% Triton X-100 (Sigma) and incubated on a rotating wheel at 42C for 4 hours.
Then, samples were centrifuged at 42C for 15 min at 3000xg and the supernatant was
recovered, mixed with Amberlite XAD4 beads (Sigma) for detergent removal and incubated
for 2 hours on a rotating wheel at 42C. After that, samples were centrifuged for 5 min at
800xg, and the supernatant was recovered and loaded on a SepFastDUO5000Q column
(BioToolomics) for a bimodal, ion exchange and size exclusion chromatography. Column flow
through was recovered, filtered at 0.22um and concentrated for further analysis

(FischerScientific; Figure 14).
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A second purification protocol was developed for both intracellular and extracellular
neoVLPs where the extracted fraction of neoVLPs or the transfection supernatants were
recovered and neoVLPs were concentrated and purified by ultracentrifugation. NeoVLPs
containing fractions were loaded on a 30% - 70% double sucrose cushion and centrifuged at
39,000 x g for 2 hours 30 mins at 42C using a TH-641 rotor in a Sorvall RCM120EX centrifuge.
Gradient was fractioned from top to bottom and neoVLPs were recovered from the 30/70
interphase. Extra sucrose was removed from the sample by dialysis using a Spectra-Por
Float-A-Lyzer G2 (Merck) against 1xPBS. In the final preparation, remaining sucrose was

expected to be lower than 5% (Figure 14).
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Figure 14. NeoVLP production and purification protocols. NeoVLPs were produced in Expi293F cells.
Cells were transfected and harvested 48 hours later, and pellets and supernatants were recovered
for intracellular or extracellular neoVLPs, respectively. To extract intracellular neoVLPs, cell pellets
were mechanically disrupted and incubated with a Triton100X 0,2% buffer for 4 hours at 42C. Then,
detergent was removed by a second incubation with XAD4 resin, and supernatant was recovered for
a further purification step. Extracted intracellular neoVLPs were either purified by chromatography
or loaded on top of a 30%-70% double sucrose cushion. Intracellular neoVLPs were also purified by
sucrose gradient. NeoVLPs were then recovered from the interphase and dialysed against 1xPBS to
eliminate the excess sucrose.

72



Materials and methods

Transmission electron microscopy (TEM)

VLP-producing cells were fixed with 2.5% glutaraldehyde in 1xPBS for 2 hours at 42C,
post-fixed with 1% osmium tetroxide with 0.8% potassium ferrocyanide for 2 hours and
dehydrated in increasing concentrations of ethanol. Then, cell pellets were embedded in
epon resin and polymerised at 602C for 48 hours. Sections of 70 nm in thickness were
obtained with a Leica EM UC6 microtome (Wetzlar) and stained with 2% uranyl acetate and
Reynold’s solution (0.2% sodium citrate and 0.2% lead nitrate). Sections were analysed using
a JEM-1400 transmission electron microscope (JEOL) and imaged with an Orius SC1000 CCD

Camera (Gatan).

Cryogenic electron microscopy (Cryo-EM)

VLP morphology was assessed by cryo-EM. Extracted or purified VLPs were deposited
on a carbon-coated copper grid and prepared using an EM GP workstation (Leica). Vitrified
VLPs were prepared on a Lacey Carbon TEM grid (copper, 400 mesh) and immediately plunge
into liquid ethane. The grids were viewed on a JEOL 2011 transmission electron microscope
operating at an accelerating voltage of 200 kV. Electron micrographs (Gatan US4000 CCD

camera) were recorded with the Digital Micrograph software package (Gatan).

Flow cytometry

VLP-producing Expi293F cells were analysed by flow cytometry. Cells were recovered
48h post-transfection and washed with staining buffer (1xPBS with 1% FBS) twice. To detect
cell surface protein expression, cells were stained with APC anti-FLAG (DYKDDDDK) tag
antibody (Biolegend; dilution 1:500) for 20 mins at RT. After three washes, cells were fixed
and permeabilised using the FIX&PERM Kit (Invitrogen) and stained intracellularly with the
FITC-KC57 (anti-HIV p24) antibody (Beckman Coulter; dilution 1:200). For the intracellular
detection of VLP expression, cells were first fixed and permeabilised before incubation with
the same antibodies. All samples were acquired using a BD FACSCelesta™ Cell Analyzer with
DIVA software. Data analysis was performed using the Flow-Jo v10.6.2 software (Tree Star

Inc.).
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Western blot and Coomassie blue staining

For the western blot assay, samples were boiled at 952C for 5 mins and proteins were
separated by SDS-PAGE using 4-12% Bis-Tris Nu-PAGE gels (Invitrogen). Proteins were
electro-transferred to a PVDF membrane using the Trans-Blot Turbo Transfer Pack (BioRad).
Membranes were blocked (1xPBS pH 7.4, 0.05% Tween20, 5% non-fat skim milk) for 1 hour
at RT and subsequently incubated with a rabbit polyclonal anti-HIV1 p55+p24+p17 antibody
(Abcam, 1:2,000) or a rabbit polyclonal anti-GAPDH antibody (Abcam, 1:1000) overnight at
49C, After washing, the membranes were incubated with Peroxidase AffiniPure Goat Anti-
Rabbit 1gG (H+L) antibody (Jackson ImmunoResearch, 1:10,000) for 1 hour at room
temperature (RT), washed and developed using the SuperSignal West Pico PLUS
Chemiluminescence Substrate (Thermo Scientific). Images were obtained using a
Chemidoc™MP Imaging System (BioRad).

For the Coomassie blue staining samples were prepared and proteins separated by SDS-
PAGE as detailed above. Gels were washed twice with 20mL of Milli-Q H,0 and in stained
using SimplyBlue Safe Stain (Thermo Fishcer) solution for 1 hour. Then, gels were rinsed and

washed with 20mL of water overnight.

VLP and total protein quantification

Purified VLPs were quantified either by p24 ELISA (INNOTEST HIV antigen mAb,
Fujirebio) following manufacturer’s instructions or by western blotting. For western blot
guantification samples were prepared as explained above and separated by SDS-PAGE under
reducing conditions. For the standard curve, a Gag recombinant protein was used starting
at 125 ng with 1:2 dilutions until 7,8 ng of protein. Blocked membranes were incubated
overnight with the primary monoclonal antibody anti-HIV1 p24 antibody (Abcam, 39/5.4A;
dilution 1:2,000). After washing the membranes with 1xPBS Tween-20 0.05%, membranes
were incubated with the secondary antibody Peroxidase AffiniPure Donkey anti-Mouse IgG
(H+L; Jackson ImmunoResearch, dilution 1:10,000). Membranes were then washed and
developed using the SuperSignal West Pico PLUS Chemiluminescence Substrate (Thermo
Scientific). Images were obtained using a Chemidoc™MP Imaging System (BioRad). The
analysis of the bands detected and the interpolation of p24 protein in each sample was

performed using the Imagelab software v 6.0 (BioRad). The total protein present in the
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sample was assessed by Bicinchoninic Acid (BCA) Protein Assay following manufacturer’s

instructions.

In vivo experiments
Mice immunisation

Five-week-old male and female C57BL/6JOlaHsd mice were purchased from Envigo. All
experimental procedures were performed by trained researchers and approved by the
competent authorities (Generalitat de Catalunya, Authorisation ID 9943). All protocols were
conducted in accordance with the Spanish laws and the Institutional Animal Care and Ethics
Committee of the Comparative Medicine and Bioimage Centre of Catalonia (CMCiB).
Procedures were performed prioritising the welfare of the animals used and always
following the three Rs principles.

Groups of 10 mice, male and female equally distributed, were immunised on week 0
with either naked DNA (coding for VLPs) or purified neoVLPs. 20 ug of naked DNA were
electroporated at the hind of the leg and the protocol consisted of 8 pulses of 20 ms with 1s
interval at 60V. Mice immunised with purified VLPs were injected a dose of 100ng of p24-
Gag at the hock, which is a subcutaneous/intradermal administration3%. This administration
is comparable to footpad administration, draining to similar sites such as the popliteal and
the iliac lymph nodes3?, Three weeks after the first immunisation, a second dose of the
vaccine was administered. DNA was electroporated or purified VLPs were injected as
previously explained. When the purified VLPs were adjuvanted, 20ug of MPLA (Invivogen)
were added to each dose. Before every vaccination and at end point, blood was collected by
facial vein puncture or intracardiac puncture, respectively. In both cases, plasma was
recovered from whole blood after coagulation (30 min to 4 hours) and centrifugation at
4000xg for 10 mins. Spleens were also recovered after mice were euthanised. Spleens were
mechanically disrupted using a 70 um cell strainer (DBiolab), and splenocytes were either
cryopreserved in FBS/10% dimethyl sulfoxide (Merck) or used in fresh single cell mixtures
for ELISpot assays. Before stimulation, single cell splenocyte mixtures were incubated 5 mins
with 5 ml of RBC lysis buffer (ThermoFischer) for erythrocyte depletion and washed with
1xPBS+1%FBS.
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Tumour inoculation

Mice were inoculated subcutaneously at the right flank with either 10° of B16-F10 or
2x10° Pan02 cells in 100 pL of sterile 1xPBS with 2mM EDTA. Tumour growth was measured
with a caliper every two days and tumour volume (V) was estimated using the formula:
V=(length x weight?) x 0,5, where length represents the largest tumour diameter and width
represents the perpendicular tumour diameter. Human endpoint was considered when
tumour volume was 1 cm? or over. At end point, blood samples and spleens were collected
and processed as described previously.

To assess the antitumoral activity of the neoVLPs, an in vivo experiment with a tumour
challenge was performed. In this case, mice were immunised with a DNA prime and a
purified VLP boost, administered as detailed above. Two weeks after the second
immunisation, neoVLP immunised and control mice were inoculated subcutaneously at the
right flank with 10° B16-F10 cells (ATCC; CRL-6475) in 100 L of sterile 1xPBS with 2 mM

EDTA. Tumour growth was followed until end point as described above.

Quantification of anti-HIV Gag antibodies by ELISA

The concentration of anti-Gag antibodies in sera of vaccinated mice was determined by
ELISA. Nunc MaxiSorp 96-well plates (ThermoFisher Scientific) were coated with 100 ng of
recombinant Gag/well3?! in 1xPBS (Gibco) and incubated overnight at 42C in a wet chamber.
Coated plates were blocked with 1xPBS, 0,05% Tween20 (Sigma) and 1% of bovine serum
albumin (BSA, Miltenyi biotech) for 2 hours at RT. Sera from vaccinated animals was diluted
(1:100 or 1:1,000) and 100 uL/well of each sample were incubated over night at 42C in a wet
chamber. As standard reference, anti-HIV p24 antibody (Abcam) was used starting at 333
ng/mL and doing a serial dilution of 1:3 down to 0.46 ng/mL. Plates were washed and total
bound IgG was determined with a secondary HRP-conjugated Donkey anti-mouse 1gG Fc
antibody (Jackson ImmunoResearch, 1:10,000) for one hour at RT. Plates were developed
using O-phenylenediamine dihydrochloride (OPD; Sigma) and analysed at 492 nm with a

noise correction at 620 nm.
Quantification of anti-host cell proteins by Flow cytometry
The presence of antibodies targeting host proteins from the Expi293F cell line was

determined by flow cytometry. Expi293F cells were incubated with diluted mouse serum
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samples (1:1,000) for 30 mins at RT. After washing, cells were incubated with a secondary
AlexaFluor647 goat anti-mouse 1gG Fc antibody at a 1:500 dilution (Jackson
ImmunoResearch) for 15 minutes at RT. Cells were then washed three times with saining
buffer (1xPBS/1% FBS) and fixated with a formaldehyde 1% solution. Cells were acquired
using a BD FACSCelesta™ Cell Analyser with DIVA software. Data analysis was performed

using the Flow-Jo v10.6.2 software (Tree Star Inc.).

Quantification of T-cell responses by IFNy ELISpot

Multiscreen ELISpot white plates (Millipore) were coated overnight at 42C with the anti-
mouse IFNy AN18 antibody (Biolegend) at 2 ug/mL. The following day, plates were washed
with sterile 1xPBS and 1% FBS and blocked with 100 pL of RPMI 1640 medium supplemented
with 10% FBS (R10) for at least 1 hour at 372C. After blocking, 4 x 10° splenocytes per well
were added to the plate. Cells were stimulated with synthetic peptides corresponding to the
individual neoantigens found in the neoVLPs. In the case of the frameshifts, these were pools
of two overlapping peptides covering the entire frame shifts. Peptides were added at a final
concentration of 14 ug/mL/peptide in a total volume of 140 uL per well. Cells were incubated
overnight at 372C and 5% CO,. The next day, plates were washed and incubated with a
biotinylated anti-mouse IFNy monoclonal antibody R4-6A2 (Biolegend, 1:2,000) for 1 hour
at RT, followed by an alkaline phosphatase conjugated streptavidin (Mabtech) incubation
under the same conditions. IFNy-specific spots were developed by addition of AP Conjugate
substrate Kit (BioRad) and the reaction was stopped by aspiration and incubation for 10 min
with 1xPBS (Gibson), 0.05% Tween-20 (Sigma). Concanavalin A (Merck) was used as a
positive control at 7 ug/mL and R10 alone as negative control. Spots were counted using an

ELISpot reader S6 Macro M2 (ImmunoSpot, CTL).

Statistical analysis
Specific CTL responses against individual neoantigen peptides in ELISpot assays were
analysed using Mann-Whitney U test. Multiple comparisons were adjusted by FDR method.

Time to sacrifice in each condition were compared by Kaplan-Meier curves and log-rank test.

77






RESULTS






SECTION 1: Analysis and comparison of linker
sequences and their effect in antigen processing
and presentation in a neoantigen polypeptide
vaccine






Results — Section 1

Neoantigens can be delivered to the immune system as unique long single molecules
that concatenate the different peptides (polypeptide) spaced by linker sequences. Such
polypeptides should be designed in a way that individual neoantigens are properly
presented by MHC molecules after being processed by the antigen presentation machinery.
However, during the trimming process, long peptides might generate a mix of non-relevant
short peptides that may affect the presentation of the neoantigen of interest®?°. To avoid
that, endogenous neoantigen flanking sequences may be replaced by specific designed ones
that promote the processing and presentation of the selected epitopes.

No clear consensus is found in the literature about which type of linker sequence would
be optimal, as a variety of linkers have been used so far33®=34°, |n our case, we designed an
HIV-1 Gag-based VLP as a platform to display predicted immunogenic neoantigens. In this
case, peptides were presented as a concatenated long polypeptide fused to the structural
Gag protein that will self-assemble into VLPs, exposing the peptides on the surface of the
particle. To study the impact that linker sequences may have in the processing and
presentation of the different neoantigens included in our vaccine design, we performed an
analysis comparing 5 different constructs, where the same neoantigens were spaced by 5
different linker sequences, using the surrogate peptide SIINFEKL (OVA peptide) as a reporter

peptide.

1. Development of an epitope presentation assay

To estimate the impact of the spacer sequence on MHC-l antigen presentation, we have
developed an in vitro assay that evaluates the presentation of the H-2KP-restricted OVA
peptide, SIINFEKL, on the surface of B16-F10 cells. After IFNy treatment, B16-F10 cells
express high levels of MHC-I molecules on their surface 3*3%2, making these cells suitable to
study MHC-I-dependent antigen presentation (Figure 15). Binding of the SIINFEKL peptide
to H-2K? molecules was monitored by flow cytometry using the antibody 25-D1.16, which
specifically recognises SIINFEKL only when bound to H-2K®. As a proof-of-concept that the
assay works, we incubated IFNy stimulated B16-F10 cells with the SIINFEKL peptide and

determined the presence of SIINFEKL/H-2K® complexes at the cell surface (Figure 15).
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Figure 15. Experimental approach overview. B16-F10 cells were stimulated with IFNy for 48 hours.
After that, the SIINFEKL peptide was added. The expression of MHC-I and the presence of MHC-
I/SIINFEKL complexes were analysed by flow cytometry. Created with Biorender.

2. Identification of the optimal spacer for MHC-I epitope presentation

With the aim of selecting the optimal spacer for a neoantigen polypeptide vaccine, we
investigated the impact of five different spacers on the MHC-I neoantigen presentation. We
designed a DNA plasmid encoding a single chain polypeptide containing a signal peptide and
the FLAG tag at the N-terminus, followed by a total of thirteen putative B16-F10-specific
MHC-I-restricted peptides in addition to the SIINFEKL peptide at the centre (Figure 16A). We
then tested five different spacer sequences (AAA, AAL, ADL, A and GGGS). Of note, peptides
in each construct were linked by the same spacer. The selection of the spacer sequence was
based on cleavage preferences by the immunoproteasome and ERAP proteins and on
previously published work 331335337,

All five plasmids, coding for surface expressed polypeptides, were separately
transfected into B16-F10 cells. Six hours later, cells were treated with IFNy to enhance both
the expression of MHC-I molecules on the cell surface and the function of the
immunoproteasome. Forty-eight hours later, the expression of the full-length proteins was
evaluated and the formation of SIINFEKL/MHC-I complexes at the cell surface was

determined by flow cytometry (Figure 16B)3%3,
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Figure 16. Construct design and western blot analysis. (A) Schematic representation of the constructs
used. (B) Graphical scheme of the experimental procedure used for linker screening. A and B created
with Biorender. (C) Western blot analysis of the expression of recombinant proteins. From left to right:
untreated transfected cells, IFNy stimulated B16-F10 cells, MG132 (proteasome inhibitor) treated cells
and IFNy + MG132 treated cells. Asterisk indicates expected molecular weight.

Expression of the full-length proteins was evaluated by western blot using an anti-Flag
antibody. Polypeptide molecules containing spacers AAA, AAL, ADL and GGGS were
successfully expressed; while A-linked polyprotein was not detected (Figure 16C), suggesting
that it is either not expressed or processed very rapidly. However, stimulation of transiently
transfected B16-F10 cells with IFNy showed a decreased intensity in the western blot bands
for all polyproteins except for GGGS-linked, compared to untreated samples (Figure 16C). In
contrast, incubation of transiently transfected B16-F10 cells with MG132, a proteasomal
inhibitor, showed an increased intensity in the western blot bands for all polyproteins,
including the A-linked polyprotein, which becomes clearly detectable at its expected
molecular weight (Figure 16C). At last, incubation of transiently transfected B16-F10 cells
with MG132 allowed the increase or recovery of all polyprotein expression after IFNy
stimulation (Figure 16C). Taken together, these results suggest that proteasomal
degradation may be a major contributor to the processing of the polypeptides.

Next, the antigen presentation efficiency was determined by the presence of MHC-
I/SIINFEKL complexes on the surface of transfected and IFNy stimulated B16-F10 cells. Flow
cytometry data showed that the highest amount of the MHC-I/SIINFEKL complex was
obtained with the alanine-based linkers, specifically the AAA-spacer, indicating that this
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linker might be the most successful spacer for the processing and MHC-I presentation of the
SIINFEKL peptide (Figure 17A to C). Conversely, the GGGS linker showed the lowest signal

indicating that it was less efficient in peptide processing and presentation (Figure 17A to C).
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Figure 17. Flow cytometry analysis of MHC-I/SIINFEKL complexes on cell surface. (A) Representative
flow cytometry panels of the detection of MHC-I/SIINFEKL complexes on the surface of B16-F10 cells.
Frequency of positive cells for the linker under examination is represented on each panel. (B) Levels
of MHC-I/SIINFEKL on cell surface expressed as geometric mean plus SD of three replicates. (C)
Frequency of MHC-I/SIINFEKL positive cells. Mean plus SD of three replicates. Data were analysed
using Dunn’s test, *P<0.1, **P<0.01, ***P<0.001.

3. Transfection efficiency controls

Analysis of the frequencies of cells expressing MHC-I/SIINFEKL complexes confirmed a
higher presentation and processing efficiency of peptides spaced by alanine-based linkers
versus GGGS (Figure 17C). To determine if these differences were due to transfection
efficiency variations, the same experiment was replicated adding a GFP-expressing plasmid
in the transfections in a 1:4 ratio with the constructs. In this case, both the formation of
MHC-I/SIINFEKL complexes and the frequency of expressing cells were selected within the
GFP+ population, ensuring that all gated cells had been successfully transfected.

The frequency of GFP+ cells was similar in GGGS and AAL-transfected cells (52.7% vs
53.5% of GFP* cells, respectively) and higher than in those cells transfected with AAA, ADL
or A polypeptides (37.1%; 38% and 33.9% of GFP* cells, respectively, Figure 18A). Analysis of
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the frequencies of cells expressing MHC-I/SIINFEKL complexes, as well as their signal
intensity on the surface of GFP* cells, confirmed the more efficient presentation of the
SIINFEKL peptide when neoantigens are concatenated using alanine-based linkers (Figure

18B and C).
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Figure 18. Recombinant proteins transfection controls. Surface expressed polypeptides. (A)
Representative flow cytometry panels for the detection of MHC-I/SIINFEKL on co-transfected B16-F10
cells with both surface expressed polypeptide and GFP coding plasmid. Frequency of GFP* and APC-
MHC-I/SIINFEKL* in GFP* cells are indicated in each panel. Grey: GFP negative cells; light blue: GFP*
cells; dark blue: APC-MHC-I/SIINFEKL* GFP* cells. (B) Levels of detection of MHC-I/SIINFEKL on the
surface of GFP* B16-F10 co-transfected cells are showed as geometric mean. (C) Frequency of APC-
MHC-I/SIINFEKL* GFP* co-transfected cells. Error bars represent SD of three independent experiments.
All data were analysed using Kruskal-Wallis test corrected for multiple comparisons by original FDR
method of Benjamin and Hochberg, *P<0.1, **P<0.01.

Surface expressed proteins may require extra processing and transport steps compared
to intracellularly expressed proteins, and this fact may affect to protein availability for
proteasomal processing and epitope presentation. Therefore, we confirmed the results
described above using intracellularly expressed polypeptides. We removed the signal
peptide and the CD44-TM of the initial constructs (Figure 19A) and evaluated their
expression in B16-F10-transfected MG132-treated cells by western blot (Figure 19B).
Polypeptides containing spacers AAA, ADL and GGGS were successfully expressed; while
AAL- and A-linked constructs showed a weaker signal (Figure 19B), suggesting that they were

either less expressed or processed very rapidly. Then, the antigen presentation efficiency
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was determined as previously described, including a co-transfection with a GFP coding
plasmid for transfection efficiency evaluation. AAA-linked polypeptide showed the highest
amount of the MHC-I/SIINFEKL complex by flow cytometry, while GGGS-linked polypeptide
showed the lowest signal (Figure 19C and D). These results are comparable with those
previously obtained with surface expressed polypeptides. Analysis of the frequencies of cells
expressing MHC-I/SIINFEKL complexes confirmed a more efficient presentation and

processing of the peptides concatenated by alanine-based linkers versus GGGS (Figure 19E).
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Figure 19. Recombinant proteins transfection controls. Intracellularly expressed polypeptides. (A)
Schematic representation of the intracellularly expressed polyproteins used. Orange: FLAG tag; blue:
neoantigens; and, green: SIINFEKL peptide. Created with Biorender. (B) Western blot image of the
expression of recombinant intracellularly expressed polypeptides in MG132-treated transfected B16-
F10 cells. (C) Representative flow cytometry panels for the detection of MHC-I/SIINFEKL on co-
transfected B16-F10 cells with both intracellularly expressed polypeptide and GFP coding plasmid.
Frequency of GFP*and APC-MHC-I/SIINFEKL* GFP* cells are indicated in each panel. Grey: GFP negative
cells; light blue: GFP+ cells; dark blue: APC-MHC-I/SIINFEKL* GFP+ cells. (D) Levels of detection of MHC-
I/SIINFEKL on the surface of GFP* B16-F10 co-transfected cells are showed as geometric mean. (E)
Frequency of APC-MHC-I/SIINFEKL*GFP+ co-transfected cells. Error bars represent SD of three
independent experiments. All data were analysed using Kruskal-Wallis test corrected for multiple
comparisons by original FDR method of Benjamin and Hochberg, *P<0.1, **P<0.01.
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4. Activation and proliferation assay

To confirm that MHC-I/SIINFEKL complexes detected on the surface of B16-F10 cells can
stimulate CD8* T cells, we performed an antigen presentation and stimulation experiment
using splenocytes from OT-I mice. This mouse model expresses a transgenic TCR that
recognises the SIINFEKL peptide in the context of H2KP3*4, With this aim, B16-F10 cells were
transfected with surface expressed polypeptides and stimulated with IFNy to promote
protein processing and presentation. Then, transfected and stimulated B16-F10 cells were
co-culture with splenocytes from OT-l mice. Activation of CD8" T cells was evaluated 24
hours post-co-culture. The results showed higher frequency of CD25* CD44* CD8* T cells in
those co-cultures where B16-F10 cells were transfected with alanine-based linkers (Figure
20A and B). Similar results were obtained when the proliferating activity of CD8* T cells was
evaluated on day three (Figure 21A and B). Taken together, these results confirm that
alanine-based linkers promote a more efficient processing and presentation of the peptides,

generating a higher activation of CD8* T cells.
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Figure 20. Effect of linker sequence in T-cell activation. (A) Gating strategy for the analysis of CD8* T
cells activation. (B) Frequency of CD8* CD25* CD44+ T cells, 24h post-co-culture of B16-F10 transfected
cells with splenocytes from OT-I mice. Mean plus SD of three replicates is shown in all graphs. All data
were analysed using Kruskal-Wallis test corrected for multiple comparisons by original FDR method of
Benjamini and Hochberg, "P<0.1.
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Figure 21. Effect of linker sequence in T-cell proliferation. (A) Gating strategy for the analysis of the
CD8* T cells proliferation. (B) Frequency of proliferating CD8* T cells at 72h post-co-culture of B16-
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all graphs. All data were analysed using Kruskal-Wallis test corrected for multiple comparisons by
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5. Effect of neoantigen position on epitope presentation

Another open question is whether peptide position within the polypeptide might affect
peptide processing and presentation. To investigate this possibility, three recombinant
proteins were tested, where the SIINFEKL peptide was located at the N-terminal region, at
the centre or close to the C-terminus of the polypeptide sequence (Figure 22A). All three
constructs were designed using the AAA-spacer, since it was the most favourable linker. All
resulting proteins were expressed by transient transfection in B16-F10 cells and detected at
the expected molecular weight by western blot (Figure 16C and 22B). As before,
presentation of the differently located SIINFEKL peptide on the MHC-I was assessed by flow
cytometry (Figure 23A). The SIINFEKL peptide was detected on the surface of the B16-F10
cells in complex with MHC-I molecules in all cases. Similar levels of presentation were
observed when the SIINFEKL peptide was expressed at the centre or close to the C-terminus
of the recombinant protein. However, when expressed at the N-terminal region, the amount
of the H2K®/SIINFEKL complexes was lower compared to the rest (Figure 23A to C). These

results suggested that processing and presentation of neoantigens at the middle or C-
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terminus of the polypeptide could be more successful compared to neoantigens at the N-
terminal region.

Alternatively, SIINFEKL presentation might depend on the surrounding amino acids.
Since in the previous experiment, the SIINFEKL peptide located at the N-terminal region was
flanked by the FLAG Tag (DYKDDDDK) and an AAA-linked neoantigen, we designed a new
polypeptide where the N-terminal located SIINFEKL peptide was flanked by two neoantigens
spaced by the AAA linker or the GGGS (Figure 23D). In addition, a polypeptide sequence
positioning the SIINFEKL peptide at the C-terminal region and spaced by one neoantigen
from the transmembrane domain of CD44 was also analysed (Figure 23D). Expression of all
new AAA- and GGGS-linked recombinant proteins was confirmed by western blot, showing
the expected molecular weight for all variants (Figure 23E). Remarkably, the detection of
H2K®/SIINFEKL complexes in transfected B16-F10 cells showed no differences among
constructs (Figure 23F-G). Overall, the data suggests that the efficiency of neoantigen
processing and presentation might depend on the environment of the flanking sequences
(beyond the linker itself), but their position (N-, middle or C-terminal) does not necessarily
play a major role. Moreover, these results support the idea that position of the neoantigen
in the polypeptide sequence may not influence the processing and presentation of the

neoantigens as much as the sequences flanking the epitopes.
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Figure 22. Role of peptide position in antigen presentation. (A) Schematic representation of the
constructs used. Created with Biorender. (B) Western blot image of the expression of recombinant
proteins in MG132-treated transfected B16-F10 cells. Asterisk indicates expected molecular weight.

91



Results — Section 1

A B C .
N-ter Flag AAA Mid. SIINFEKL AAA 1 . !
- 87,2 i\ wd 937 . ; 14000 . 100
N A ] [ N =
§ Y RE g g < 5
= 2 = :I e}
2w e wi o w & 10000 L
e :
f o g wl i, = 8000 % 60
g E g W =
Sa RS Sa & o000 i a0
> ) - S 4000 =
PE-MHC-I/SINFEKL PE-MHC-/SINFEKL PE-MHC-IISINFEKL % 2000 g
[ I -
1 Mock o 0 T
[71 Linker under examination \39 .5&0 6{“‘ Q\b‘)vy?' '\é o‘*
= SIINFEKL positi N 5 ¢ ¥
positive control & A & I
S & ‘ K
D N-terminal E AAA GGGS
1on WO W 10 ¥ o
SPFlag SIINFEKL ™ |
24 o D e
-
Middle 13
oo oo Oooooooe 11 -l
Q0 —_
SP 'Flag SINFEKL ™ K0a W 5
> i oo -_ 42
C-terminal 31
anti-beta-actin
O OO MG132 treated
SP‘Flag SIINFEKL ™
F G :( 6000- 1004
N-ter SIINFEKL AAA Mid. SIINFEKL AAA C-ter SIINFEKL AAA 3 P
- 93,2 . 94,9 -] ',3\,3 & 4500 3 &0
) I =
e . ° s gl 3000 H
H 3 3 ! k] w40
s T e 5«1 & 1500 =
£ E E ] 1 °
2. 2 . 2 . = g 207
Y 8 o & _
o o 10 w0® ] N ot o o 10* ot ot o o
PE-MHC-I/SINFEKL PE-MHC-ISINFEKL PE-MHC-/SINFEKL & f & <& vvy & &
/ 2 @
N-ter SIINFEKL GGGS Mid. SIINFEKL GGGS ~ C-ter SIINFEKL GGGS Vyy * & &
615 46,5 -
8 T s | 3 % 6000 + 1007
g - g - A g s < N
e e ] e Q . 3 81 —
§ o E - ‘w § - é 4500- — =
g . | 5 . g : g o0
E N | £ £ i =
2 J 2 2 i so00 £
- -] N o @ g0
/ 5 o
o e s oA o § 1o o 207
PE-MHC-I/SIINFEKL PE-MHC-I/SIINFEKL PE-MHC-I/SIINFEKL % E
3 o —
15} o
= Mock & P8 & ot &
[ Linker under examination 0;,? & 0.55‘ &> © 065’ ~
i SIINFEKL positive control & & & &
AN /

Figure 23. Role of peptide position in antigen presentation. (A) Representative flow cytometry
panels for the presentation of MHC-I/SIINFEKL peptide on transfected B16-F10 cells. Frequency of
positive cells is represented on each panel. (B) Geometric mean values for the presentation of
SIINFEKL peptide on mouse MHC-I molecules from transfected B16-F10 cells with AAA N-term, AAA
and AAA C-term TM. (C) Frequency of cells expressing MHC-I/SIINFEKL on the cell surface. Error bars
represent SD of three independent experiments. Data were analysed using Dunn’s test, *P<0.1,
**P<0.01. (D) Schematic representation of the constructs used. Created with Biorender. (E) Western
blot image of the expression of recombinant proteins in MG132-treated transfected B16-F10 cells.
Asterisk indicates expected molecular weight. (F) Representative flow cytometry panels for the
presentation of MHC-I/SIINFEKL peptide on transfected B16-F10 cells. (G) Levels of detection of MHC-
I/SIINFEKL on the surface of B16-F10 transfected cells as well as the frequency of cells expressing
these complexes are shown. Data from three independent experiments were analysed using Dunn’s
test, *P<0.1, *P<0.01.
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Immunotherapeutic strategies aim to generate de novo or expand existing specific T-cell
responses which have the potential to target and kill tumour cells®®. Thus far, these novel
therapies have proven clinical efficacy in a variety of malignant tumours 3017303.345-347 ‘amgong
which melanoma has been one of the most investigated. Melanoma has been historically an
immune-reactive type of cancer, probably associated with its high mutational burden, and
therefore high potential immunogenicity®®. In this project, the B16-F10 murine melanoma
cell line was the one chosen to select neoantigens that were loaded on the neoVLPs (Figure
24). This cell line derives from the C57BL/6 strain, and it represents a well stablished

syngeneic tumour model for the evaluation of different immunotherapies3#93*,

C578BI/6

\

\ Prioritisation neoantigen list
« peptide 1

« peptide 2

— P In silico neoantigen + peptide 3
f— P— Lo « peptide 4
e = prediction * beptide 5
— i « peptide 6
p—— [— « peptide 7
_ :
Peptide selection
RNA sequencing and prioritisation list
data generation .
VLP production

- i

In vivo experiment ~— iE

Mice immunisation ———

VLP characterisation

Figure 24. Graphical overview of the project. Neoantigens were selected in silico using a neoantigen
prediction pipeline and classified in a prioritisation list. NeoVLPs were designed and produced
displaying the selected neoantigens. NeoVLPs were characterised and their expression and
morphology were confirmed. Immunogenicity of neoVLPs was tested in vivo using a C57BL/6 mouse
model. The immunogenic capacity of neoVLPs was determined by their efficacy in generating
neoantigen-specific CD8+ T-cell responses detected by ELISpot using splenocytes from vaccinated
mice.
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In cancer vaccine development, besides the difficulties in identifying the most suitable
targets, the discovery of adequate vaccine delivery platforms has become one of the biggest

351 Within this framework,

challenges to elicit sustainable antigen specific T-cell responses
we developed HIV1 Gag-based neoantigen VLPs (neoVLPs) expressing on their surface a
collection of selected neoantigens from the B16-F10 cell line. In total, 5 neoantigen-
expressing HIV-1 Gag-based VLPs were fully characterised, as well as purified and
formulated as vaccines. Their immunogenicity was evaluated in C57BL/6 mice and their T-

cell response was analysed by ELISpot. In addition, one selected candidate was tested as a

preventive vaccine in a tumour challenge in vivo experiment (Figure 24).

1. Identification of nonsynonymous mutations and frameshifts in B16-F10 mouse

melanoma cell line*

The melanoma cell line B16-F10 was chosen as a tumour model for the development of
NOAH and the selection of neoantigens. This work was performed in collaboration with the
research group of Dr Victor Guallar at the Barcelona Supercomputing Centre (BSC). DNA and
MRNA were prepared from B16-F10 cells and C57BL/6 healthy tissue and sequenced by WES
and RNA-seq. Then, using the novel NOAH pipeline and the selection criteria previously
described 41 peptides of 9 amino acids in length (short peptides) and three long peptides
from frameshifts were selected and classified in different tiers (Figure 25). Tierl emphasised
the selection of neoantigens with larger differences on binding affinity between the wild-
type (WT) and the mutated variant. Neoantigens included in this group showed mutations
in MHC anchor residues that increased the binding to MHC class | molecules. Tier2 grouped
neoantigens with high MHC binding affinity. Mutations in these peptides involve a significant
change in physicochemical properties (such as polar to aliphatic, negative to positive charge,
etc.) for those amino acids that are largely exposed to the solvent and, therefore, may be in
contact with the TCR. Tier3 included those peptides that fulfil the binding and expression
criteria as Tier2 but that presented less drastic mutations: with a similar predicted binding
to that of the WT and less pronounced changes in a solvent exposed amino acid. In addition,
three predicted frameshifts were also identified by NOAH and selected for further analysis

(Figure 25).

YW ork carried out by the BSC
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Figure 25. Scheme of the neoantigen selection strategy. Identified somatic mutations were filtered
by structural features (NOAH), RNA expression, clonality and matched with NetMHCpan or MHCflurry.
Neoantigens tiered according to structural features are shown with the mutation present in B16-F10
cells highlighted in bold. Created with Biorender.

2. Production and purification of neoVLPs

NeoVLPs were engineered to allow a high-density exposure of neoantigens on their
surface. Such higher epitope density was obtained by fusing the concatenated neoantigens
to the HIV-1 structural Gag protein®?l. Since it is estimated that there are approximately
2500 copies of Gag in one VLP*2, neoVLPs are expected to express a similar amount of each
neoantigen (Figure 26A). NeoVLPs included a signal peptide and a FLAG tag at the N-
terminus, followed by the concatenated neoantigen peptides separated by a spacer
sequence (Figure 26B). This sequence was either an AAA or an SSS. Considering previous
results shown in Section 1, a triple-alanine linker was included as this linker sequence
promotes a more efficient peptide processing and presentation in MHC-I molecules®*.
When the addition of an AAA sequence generated alternative transmembrane domains, we
substituted it for an SSS linker sequence to avoid it 24, This polypeptide sequence was fused

to the transmembrane domain of murine CD44 followed by the HIV-1 structural protein Gag
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on the C-terminus (Figure 26B). From the results obtained from the identification of non-
synonymous mutations in the B16-F10 cell line, three different neoVLP designs were
generated including all neoantigens selected. The constructs were the following: (i) three
different neoVLPs encoding concatenated neoantigens classified in Tiers 1 to 3 (Tierl-GAG,
Tier2-GAG, Tier3-GAG), (ii) one neoVLP encoding three different Frameshifts (FS-GAG) and
(iii) a NakedVLP without neoantigens used as control vehicle (Figure 26B). These different
fusion constructs were then transfected into Expi293F cells, and the expression of the fusion
proteins was determined by flow cytometry. To detect the presence of the fusion protein at
the cell membrane, we performed an extracellular staining of FLAG tag and an intracellular
staining of the HIV-1 Gag protein p24. A population of double positive cells could not be
identified, suggesting that the fusion proteins are not reaching the cell membrane (Figure
26C). However, a double positive cell population was identified when intracellular staining
of FLAG tag and p24 was performed, indicating that all the fusion proteins were being
retained inside the transfected cells (Figure 26D). Formation of properly assembled neoVLPs
in mammalian Expi293F cells was demonstrated by TEM for each of the fusion proteins
tested (Figure 26E). TEM images suggested that the particles were budding from the rough
endoplasmic reticulum, where the fusion protein was being synthetised, and were
accumulating perinuclearly at the cytoplasm. No budding events were observed at the
cellular membrane, thereby explaining the absence of extracellular FLAG tag staining by flow
cytometry (Figure 26E).

Therefore, we adapted a protocol from Titchener-Hooker et al®?632” to extract and purify
intracellular neoVLPs. Transiently transfected mammalian Expi293F cells were mechanically
disrupted and neoVLPs were extracted by incubation with a low concertation of detergent
(Triton X-100). After detergent removal, neoVLP samples were further purified by
multimodal chromatography (strong anion-exchange with a size-exclusion effect). Samples
from the VLP extracted fraction, prior to the chromatographic step, were imaged by cryo-
EM (Figure 26F), showing the expected morphology for all neoVLPs. From the images, both
the lipid bilayer of the enveloped VLP and the Gag ring inside the formed VLPs were
distinguished (Figure 26F). Integrity of the fusion proteins in the cellular lysate (Pellet) and
in the final vaccine preparation (Vax) was evaluated by western blot (Figure 26G). These

results confirmed that fusion proteins were produced at the expected molecular weight,
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even though several bands were shown in Tier2-GAG and Tier3-GAG, probably due to partial
protein processing or degradation.

Final p24 concentration was determined by p24 ELISA or by western blot, and total
protein quantification by BCA (Figure 26H). Purity of final formulations revealed p24/total
protein ratios raging from 0.1-5%. Despite these being consistent with previous VLP
productions, a new purification protocol was optimised to try to reduce the presence of

contaminants and increase the purity of the productions.

3. Determination of the optimal vaccine regime

After confirming the correct expression of our fusion-proteins and formation of
neoVLPs, we proceeded to test whether the neoVLPs would elicit antigen specific T-cell
responses upon vaccination. To that end, we first defined an optimal vaccination schedule
by comparing the Gag-specific humoral and cellular responses generated from the three
different vaccination regimes tested. C57BL/6 mice were immunised according to the
following regimes: (i) two naked plasmid DNA doses (DD); (ii) one dose of naked plasmid
DNA plus one dose of purified VLPs (DV); and (iii) two doses of purified VLPs (VV, Figure 27A).
Analysis of the humoral response against HIV-1 Gag protein showed that DD and DV regimes
elicited a higher antibody titre, compared to VV regime (Figure 27B). Regarding the
generation of Gag-specific T-cell responses, IFNy ELISpot analysis against six pools of ten
overlapping peptides, each one covering the entire length of HIV-1 Gag protein, revealed a
higher CTL response for the DV regime (Figure 27C). Therefore, the DNA prime/VLP boost

regimen was chosen as the immunisation regime for all subsequent experiments.

Figure 26. VLP-based vaccine production and purification. (A) Drawing of a neoVLP. Neoantigens on
the surface of the VLP, transmembrane domain in orange, HIV Gag in blue and cellular membrane in
dark grey. Created with Biorender. (B) Scheme of the linear polyprotein that generates the neoVLP.
Signal peptide in light grey and FLAG tag in orange. Created with Biorender. (C) Representative flow
cytometry panels for the expression of neoVLP fusion proteins in transiently transfected Expi293F
cells. Identification of FLAG tag at the surface of the cells and total p24-Gag. Population of mock
transfected Expi293F cells in blue. (D) Representative flow cytometry panels for the expression of
neoVLP fusion proteins in transiently transfected Expi293F cells. Identification of total FLAG tag and
total p24-Gag. Population of mock transfected cells in blue. (E) TEM images of Expi293F cells
producing neoVLP particles. (F) Cryo-TEM images of extracted (XAD4) neoVLPs. (G) Western blot
image of the cell lysate (Pellet) and purified (Vax) of neoVLPs. (H) Quantification of p24 by ELISA and
total protein by BCA in the final preparation.
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Figure 27. Selection of the optimal vaccination regime. (A) Experimental design of the different
regimes tested. Created with Biorender. (B) Evaluation of the humoral response against Gag overtime.
(C) Evaluation of the T-cell response against 6 pools of 10 overlapping peptides covering the entire
HJIV-1 Gag protein overtime. Data represented as mean + SD. Data analysed using Mann-Whitney U
test, *P>0.1, **P>0.01.

4. Immunogenicity of neoVLPs in C57BL/6 mice

Having stablished the vaccination regime, three neoVLPs coding for concatenated
neoantigens (Tierl-GAG, Tier2-GAG and Tier3-GAG) and one coding for three concatenated

Frameshifts (FS-GAG), were tested along with a NakedVLP as a control.

a. Humoral response against Gag protein and Expi293 proteins
Two immunisations, a DNA prime and a purified VLP boost were administered with a 3-
week interval (Figure 28A). Humoral response against the structural Gag protein was
determined by ELISA. In all cases, higher levels of antibodies after the prime dose were
observed, with considerable variability (Figure 28B). Purified VLP boost showed a strong
effect increasing the humoral response against Gag (Figure 28B and C). These results

indicate that the differential expression of the constructs induced some variability after the
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first DNA immunisation, but antibody levels of all groups were comparable after the boost
with purified neoVLPs (Figure 28B and C).

Purified neoVLPs were produced in Expi293F cells and thus, they can incorporate on
their membranes proteins from this cell line. These proteins are considered contaminants
in the neoVLP preparations, together with small vesicles such as exosomes that can also be
present in the final formulation. VLP size exosomes, or other vesicles, may not be removed
in the purification steps and their presence can also elicit a specific humoral response against
host proteins. Hence, the humoral response against the Expi293F proteins was also
analysed. Non-transfected Expi293F cells were incubated with serum from vaccinated mice
at endpoint. Anti-human mouse antibodies were detected with an anti-mouse
fluorochrome-conjugated secondary antibody by Flow Cytometry (Figure 28D). Antibodies
against host proteins were detected in all cases, indicating that the presence of human
proteins is also eliciting a humoral response.

Taken all together, the humoral response against Gag suggests the correct expression
of the fusion-proteins after DNA electroporation in the muscle of the animals. In addition,
the humoral response observed against host cell proteins reveals the capacity of neoVLPs to

elicit a rapid humoral responses after two doses.

b. Neoantigen specific CD8+ T-cell response
To identify IFNy-producing CD8+ T cells, splenocytes from vaccinated animals were
stimulated with individual peptides from Tierl, Tier2, Tier3 and with pools of two
overlapping peptides covering the entire Frameshifts. In addition, one single pool of HIV-1
Gag overlapping peptides covering residues 314 to 412 was used as a vaccination positive
control for all neoVLPs. Antigen specific CD8+ T-cell responses were detected against five

neoantigens from Tier2-GAG neoVLP and one from Tier3-GAG neoVLP (Figure 29A).

Figure 28. Humoral response against GAG and host cell proteins. (A) Schematic representation of the
experimental design. (B) Evaluation of humoral response against GAG over time for all groups
vaccinated with the neoVLPs. Tierl-GAG in dark red, Tier2-GAG in yellow, Tier3-GAG in purple, FS-GAG
in light blue and in black mice vaccinated with the NakedVLP. (C) Evaluation of the humoral response
against Gag individually represented with each replicate corresponding to each vaccinated mouse. (D)
Evaluation of the humoral response against host proteins at end point for all groups vaccinated with
neoVLPs. Tierl-GAG in dark red, Tier2-GAG in yellow, Tier3-GAG in purple, FS-GAG in light blue and in
black mice vaccinated with the NakedVLP. In grey two internal controls representing the maximum
and minimum signals obtained.
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Figure 29. T-cell response against selected neoantigen included in the neoVLPs. (A) Evaluation of
cellular response generated against the selected neoantigens. Tierl-GAG in dark red, Tier2-GAG in
yellow, Tier3-GAG in purple, FS-GAG in light blue and NakedVLP in grey. (B) Tumour growth in mice
inoculated with 105 B16-F10 cells. (C) Evaluation of the cellular response against selected
neoantigens in mice inoculated with B16-F10 cells. (D) Comparison of cellular response against the
selected neoantigens in vaccinated animals vs tumour inoculated animals. Data represented as mean
+ SD. Data analysed using Mann-Whitney U test, *P>0.1, **P>0.01.

Additionally, we also detected CD8+ T-cell responses against one out of the three frame

shifts fragment tested (Prtg; Figure 29A). CD8+ T-cell responses against one peptide from
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Tierl-GAG were also detected, but only one animal responded positively. Therefore,
identified neoantigens in the Tier2 category were confirmed as the most immunogenic.

To determine whether neoVLP therapeutic vaccination would elicit de novo responses
or potentiate already existing T cell specificities derived from the tumour presence, we
inoculated four syngeneic C57BL/6 animals (two males and two females) with 10° B16-F10
cells subcutaneously at the right flank. Mice were euthanised when the tumour volume
reached 1000 mm3, between day 15 and day 20 post-inoculation (Figure 29B), and
splenocytes were collected. Cells were tested for CD8+ T-cell activity by ELIspot, and no IFNy
producing CD8+ T cells were detected after splenocyte stimulation with the pools of
peptides covering all neoantigens included in the 4 neoVLPs (Figure 29C). When comparing
the CD8+ T-cell responses obtained after vaccination with response obtained after tumour
inoculation, we confirm that neoVLPs successfully generate de novo tumour-specific T-cell

immune responses (Figure 29D).

5. Design, production, and purification of a new VLP containing 7 proven

immunogenic neoantigens (Cippa7-GAG)

After confirming that vaccination with neoVLPs could generate de novo neoantigen-
specific T-cell responses, we hypothesised that the formulation of a new VLP containing the
7 proven immunogenic neoantigens could elicit optimal T-cell responses with anti-tumoral
effect. Therefore, we designed a new neoVLP containing the top immunogenic neoantigens
from Tier2-GAG, Tier3-GAG and FS-GAG. These were the following: 5 positive neoantigens
from Tier2-GAG: Arvcf, Wiz, Rik, Lins and Cacnalc; one positive neoantigen from Tier3-GAG,
Pask; and one long peptide from the Frameshift fragment Prtg (Figure 30A). No peptides
from Tier1-GAG were included. Only one animal generated a detectable T-cell response
against Acox3; and thus, we considered that it was not biologically relevant.

This new neoVLP, hereafter called Cippa7-GAG, was produced in Expi293F cells and
purified following the same protocol detailed above. A flow cytometry intracellular staining
of HIV-1 Gag (anti-p24) was performed simultaneously with an extracellular staining of FLAG
tag, to detect the presence of the fusion protein at the membrane, which would result in

budding of the VLPs.
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Figure 30. Cippa7-GAG production and characterisation. A) Scheme of the linear polyprotein that
generates the Cippa7-GAG. Signal peptide in light grey and FLAG tag in orange. Created with
Biorender. (B) Representative flow cytometry panel for the expression of the Cippa7-GAG fusion
protein in transiently transfected Expi293F cells. Identification of FLAG tag at the surface of the cells
and total p24-Gag in the left panel. Identification of total FLAG tag and total p24-Gag in the right
panel. Population of mock transfected Expi293F cells in blue. (C) Cryo-TEM images of the extracted
fraction of Cippa7-GAG. (D) Western blot image of the final VAX preparation (anti-HIV1 p55+p24+p17
antibody, Abcam). (E) Quantification of p24 by ELISA and total protein by BCA in the final preparation.

As expected, no presence of the fusion protein at the surface of producing cells was
detected, indicating once again that the fusion protein was being retained in the cytosol of
the cells (Figure 30B). NeoVLPs were purified following the same protocol, and the neoVLP
extracted fraction, prior to the chromatography step, was imaged by cryo-EM (Figure 30C).
The presence of correctly self-assemble Cippa7-GAG VLPs was lower than expected. The
integrity of the protein was analysed by western blot using an anti-p55+p24+p17 polyclonal
antibody. Two bands of very similar molecular weight were consistently detected by western

blot, probably because of some degree of protein degradation (Figure 30D).

a. Immunogenicity of Cippa7-GAG in C57BL/6 mice
Even though the expression level and purification yield of Cippa7-GAG was considerably
low (Figure 30E), we decided to proceed with an in vivo experiment to test the immunogenic

capacity of this new neoVLP. Here, DNA electroporation was followed by administration of
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a 20 ng dose of HIV-1 Gag p24 (purified VLPs) with a 3-week interval, for both Cippa7-GAG
and NakedVLP (Figure 31A).

i. Humoral response against Gag and host proteins

The anti-Gag antibody response was detected by ELISA as explained above. We obtained
a very low humoral response against Gag from the group vaccinated with Cippa7-GAG,
compared to the antibody titres obtained from the NakedVLP group, that were equivalent
to the previous immunisations (Figure 31B and 28B). Cippa7-GAG vaccination did not elicit
antibodies against the structural Gag protein after the DNA electroporation nor after the
administration of purified VLPs (Figure 31B), probably due to the suboptimal expression of
the protein already observed in vitro. However, antibody titres obtained after the
administration of NakedVLP were comparable to the ones obtained in previous
experiments, indicating that 20 ng of HIV-1 p24 is enough to elicit a detectable humoral

response (Figure 31B).
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Figure 31. Cippa7-GAG immunogenicity in vivo. (A) Schematic representation of the experimental
designed used to evaluate the immunogenicity of the Cippa7-GAG VLP. Created with Biorender. (B)
Evaluation of the humoral response against Gag. (C) Evaluation of the humoral response against host
proteins at end point. In black two internal controls representing the maximum and minimum signals
obtained. (D) Evaluation of the T-cell response generated upon vaccination. Cippa7-GAG in red,
NakedVLP in grey in all graphs. Data analysed using Mann-Whitney U test, "P>0.1, **P>0.01.
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Humoral response against host proteins was also analysed by Flow Cytometry. As
before, mouse anti-Expi293F antibodies were detected by incubating non-transfected
Expi293F cells with mice sera and detecting the specific antibodies with a fluorochrome
conjugated anti-mouse antibody. The MFI obtained from the animals vaccinated with
Cippa7-GAG was about 10x fold compared to the control group (NakedVLP; Figure 31C). All
together, these results indicate that the presence of contaminants compared to viable VLP
particles is much higher in the Cippa7-GAG formulation compared to the NakedVLP (Figure
310Q).

ii. Neoantigen specific CD8+ T-cell response

To detect CD8+ T-cell responses generated after Cippa7-GAG vaccination, splenocytes
from vaccinated animals were stimulated overnight with the 7 immunogenic peptides
displayed on the Cippa7-GAG to detect IFNy producing CD8+ T cells. Only the neoantigen
Pask, from the Tier3 classification category, was positive, with 6 animals out of 10 showing
values over the threshold (Figure 31D). When comparing the T-cell response against HIV-1
Gag, parameter used as an experimental control, only the control group vaccinated with the
NakedVLP had elicited a cellular response (Figure 31D). From the group vaccinated with the
Cippa7-GAG neoVLP only two animals with Gag-specific CD8+ T cells were found (Figure
31D). These results show that the expression of the Cippa7-GAG VLP was very low, which
might be due to a poor translation of the fusion protein, or it being degraded very rapidly,
preventing the correct formation of neoVLPs and thus, the generation of a potent immune
response.

Taken all together, the Cippa7-GAG was not a suitable vaccine candidate. Its expression

was low in vitro and in vivo, which resulted in a poor immunogenicity overall.

6. Prophylactic vaccination with neoVLPs delays tumour growth.

To determine whether immune responses elicited by neoVLPs were protective against
B16-F10-derived tumours, we performed a prophylactic vaccination followed by a B16-F10
tumour challenge assay in syngeneic C57BL/6 mice. In view of the previous results, we
discarded the Cippa7-GAG candidate and chose the Tier2-GAG as a most promising vaccine
candidate. In addition, a separate experimental group vaccinated with Tier2-GAG

adjuvanted with Monophosphoryl Lipid A (MPLA) was included to maximise the response.
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MPLA is a toll-like receptor 4 agonist that enhances strong Th1 responses in mice 3>*. Rhee
et al. reported an augment in antigen-specific CD8+ T-cell responses post vaccination®®.
Animals were immunised following a DNA/VLP (DV) regime with Tier2-GAG, with or without
MPLA as adjuvant (Figure 32). Continuing with a boost/prime regime, a first DNA
electroporation of a plasmid coding for the neoVLP was performed, followed by a second
immunisation with purified Tier2-GAG neoVLP with or without MPLA (Figure 32). Finally, the
control group was immunised with NakedVLP plus MPLA. Two weeks after the boost (day

35 post first immunisation), all mice were inoculated with 10° B16-F10 cells and tumour

growth was followed until the tumour reached 1000 mm?3 (Figure 32).
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Figure 32. Schematic representation of the tumour challenge experiment performed to evaluate
the antitumour potential of neoVLP vaccination. A first DNA prime was followed by a boost with
purified VLPs with or without adjuvant (MPLA). Two weeks after the second immunisation (on day
35) animals were inoculated with 105 B16-10 cells and the tumour growth was followed until end
point.

a. Humoral response against Gag and host proteins
Detection of antibodies against HIV-1 Gag protein showed consistent results with the
previous experiment. Low titres of antibodies were detected after the first DNA
immunisation, indicating that the expression in vivo is not as optimal. It was not after the
boost with purified VLPs that we could observe expected levels of anti-Gag antibodies,
comparable to those observed in the group vaccinated with NakedVLP (Figure 33A).
Regardless of the presence of MPLA, antibodies decayed after the second immunisation and

until end of experiment, which ranged from 2-6 weeks after the boost. Contrarily, in the
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control group, the generation of anti-Gag antibodies reached a plateau after the first
immunisation with DNA, and it was maintained until end point (Figure 33A). Regarding the
humoral response against Expi293F proteins, we could not observe relevant differences
between vaccinated groups (Figure 33B). These data suggests that all vaccine preparations

contained similar amounts of host proteins coming from either exosomes or proteins

incorporated in the neoVLPs membranes (Figure 33B).
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Figure 33. Evaluation of Tier2-GAG humoral response in a tumour challenge experiment to test the
anti-tumour capacity of the neoVLPs. (A) Evaluation of the humoral response against Gag. Tier2-GAG
in yellow, Tier2-GAG + MPLA in brown, NakedVLP in grey. (B) Evaluation of the humoral response
against host proteins at end point in all vaccinated groups. Tier2-GAG in yellow, Tier2-GAG + MPLA in
brown, NakedVLP in black.

b. Neoantigen specific CD8+ T-cell response
IFNy producing CD8+ T-cells were detected by ELISpot. Five neoantigens generated
specific T-cell responses in both vaccinated groups, such neoantigens were the same as
previously identified (Figure 34A). When comparing groups with or without MPLA as
adjuvant, no significant differences were detected, but a trend in all positive neoantigen
indicates that the adjuvant MPLA is not inducing a statistically significant more potent CD8+

T-cell response (Figure 34A).
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Figure 34. Tumour growth delay and control by neoVLP vaccinated animals. (A)Evaluation of cellular
responses generated against the selected neoantigens and Gag peptides. (B) Tumour growth curves
of each animal in the Tier2-GAG group in yellow. (C) Tumour growth curves of each animal in the
Tier2-GAG+MPLA group in brown. Animals vaccinated with NakedVLP are represented by grey dotted
lines in both C and D. (D) Kaplan-Meier graph representing the time before mice reach a tumor
volume equal or over 500 mm3. Tier2-GAG group in yellow, Tier2-GAG+MPLA group in brown and
naked-VLP vaccinated mice in grey. (E) Kaplan-Meier graph representing the time before mice reach
a tumour volume equal or over 500mm3. Vaccinated with Tier2-GAG in blue (with or without
adjuvant) and NakedVLP vaccinated mice in grey.
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c. Tumour growth and mice survival after tumour inoculation

Finally, we assessed the functional activity of the immune response generated upon
vaccination. To determine the antitumoral impact of neoVLP vaccination, vaccinated
animals were inoculated with 10° B16-F10 cells and tumour growth was followed overtime
until end point (volumes reached 1000 mm3), when animals were euthanised. Both
vaccinated groups (DV and DV+MPLA) showed a delay in tumour growth compared to the
control group (vaccinated with NakedVLP; Figure 34B and C). Moreover, three animals, one
from the DV and two from the DV+MPLA group, did not develop any detectable B16-F10
derived tumour (Figure 34B and C). In addition, neoVLP-vaccinated animals showed an
increased survival rate compared to control animals (Figure 34D and E). Results indicate that
vaccination with neoVLPs can generated de novo neoantigen-specific CD8+ T-cell responses

with potential to become protective against tumour development.

7. Optimisation of the neoVLP purification protocol
Parallel to the immunogenicity analysis of our neoVLPs, a new purification strategy was
optimised to increase the yield of neoVLPs and reduce the presence of contaminants in the
final formulation. The new approach involved purifying neoVLPs by ultracentrifugation (UC)
using a double sucrose cushion (Figure 35A). Discontinuous sucrose gradients have been
used extensively to purify VLPs used as immunogens, as there is a necessity to minimise host

356-359 The purification was performed with the same batch of

cell protein contamination
extracted Tier2-GAG neoVLPs and they were either purified by chromatography as explained
previously or loaded on top of a 30%-70% double sucrose cushion. Samples were centrifuge
at 39,000xg for 2.5 hours at 42C and neoVLPs were recovered from the 30/70% interphase
(Figure 35A). Then, neoVLPs were dialysed to remove the excess of sucrose. Analysis of HIV-
1 Gag p24 protein concentration by ELISA revealed a higher concentration of Gag in samples
purified by ultracentrifugation (UC) than samples purified by chromatography (Figure 35B).
Moreover, quantification of total protein by BCA assay showed a total protein concentration
3 times lower in the fraction purified by UC compared to the one purified by
chromatography, resulting in a ratio p24:total protein (ug/mL:mg/mL) almost 4x fold higher

(Figure 35B). The differences in total protein content were clearly observed comparing the

VAX fraction after the chromatography with the post-dialysed fraction of the UC by
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Coomassie blue staining, where the chromatography fraction showed a higher content of

total protein (Figure 35C).
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Figure 35. Optimisation of the neoVLP purification strategy. (A) Schematic representation of the
comparison between the chromatography purification protocol and the sucrose cushion. Created with
Biorender. (B) Quantification of the p24 concentration and the total protein in samples purified
following the two purification strategies. (C) Coomassie blue staining of four purifications steps of each
of the two purification strategies used with neoVLPs. (D) Evaluation of the humoral response against
host proteins after vaccination with two doses of purified VLPs following the two different purification

strategies.
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Additionally, we analysed the humoral response against host proteins from different
immunisations with intracellular neoVLPs purified by ultracentrifugation or by
chromatography with MPLA. As before, mouse anti-Expi293F antibodies were detected by
incubating non-transfected Expi293F cells with mice sera and detecting the specific
antibodies with a fluorochrome conjugated anti-mouse antibody. Results revealed that
animals vaccinated with purified neoVLPs by UC showed an MFI 20x fold lower than animals
vaccinated with neoVLPs purified by chromatography (Figure 35D). These results confirm
that the presence of contaminants and extracellular vesicles decreased exponentially when
neoVLPs were purified by ultracentrifugation.

Taken together, neoVLP purification by double sucrose cushion and UC guarantees a

higher purity of the proteins and an increased neoVLP recovery.
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HIV-1 Gag-based VLPs generated from the fusion protein between HIV-1 Gag and an
antigen of interest have given excellent results when the antigen had a known
structure3?322_ When the antigen presented is a polypeptide, generated by concatenating
different peptides, its lack of structure can bring increased instability to the platform, and
the inability to conform a minimal secondary structure can sometimes fail to generate VLPs.
Results from section 2 show that the success in generating and expressing neoVLPs can
depend on the peptides conforming the polypeptide and probably their order within the
construct. Furthermore, fusion-protein neoVLPs were being retained inside the producing
cells which hinders the purification process and increases the number of contaminants
present in the final formulation. Consequently, here we present a second-generation HIV-1
Gag-based VLPs for the delivery of cancer neoantigens (C_neoVLPs), where the peptides will
be expressed at the C-terminal of the Gag protein, instead of at the N-terminal. Whereas in
the classical N-terminal neoVLPs the neoantigens remained outside of the VLP and fused to
the Gag protein through a transmembrane domain, in C_neoVLPs epitopes will be expressed

in the core of the particle (Figure 36).
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Figure 36. Schematic drawing comparing classical neoVLPs and second-generation C_neoVLPs. First
generation neoVLPs are engineered as fusion-proteins, where the HIV-1 Gag protein is fused to the
polypeptide by a transmembrane domain. Contrarily, C_neoVLPs express the concatenated
neoantigens at the C-terminal of the Gag protein, and thus they lack the transmembrane domain.
Created with Biorender.

117



Results — Section 3

C_neoVLPs were generated with neoantigens from the pancreatic adenocarcinoma
mouse model (C57BL/6), the Pan02 cell line. Pancreatic cancer is one of the most highly
aggressive and poorly immunogenic types of cancer, and the necessity to develop new
treatment strategies against it made us reconsider and adapt the tumour model previously
used (B16-F10). The pipeline used to identify and select Pan02 neoantigens included some
improvements from the previous one. Despite the promising results regarding the
immunogenicity of the predicted neoantigens from the B16-F10 tumour, only 7 out of 44
were able to generate specific CD8+ T-cell responses upon vaccination. Therefore, the

neoantigen identification pipeline could still be refined.

1. Identification of nonsynonymous mutations in Pan02, a murine pancreatic

adenocarcinoma cell line*

DNA and mRNA were prepared from Pan02 cells and C57BL/6 tissue and sequenced by
WES and RNA-seq. This work was performed in collaboration with Dr Victor Guallar’s group
at the BSC. After sequences from WES of the tumoral cell line and healthy tissue were
matched, somatic mutations were identified. Then, a list of neoantigens was predicted using

294 an algorithm

the PredIG pipeline, which includes a structural filter (NOAH) and NetCleave
for predicating C-terminal antigen processing. The selected neoantigens included in the
C_neoVLPs were the top 15 ranked as most immunogenic (highest score; Figure
37). Whereas in the neoantigen selection of B16-F10 only peptides of 9 amino acids (aa) long
were included, in this case there was not a length restriction, and the list comprised peptides
ranging from 8 to 11 aa long. Furthermore, after the selection was performed based on the
algorithm immunogenicity score, the structural features of the mutations found in the

neoantigens were classified in the three tiers as done previously, although in this case it was

not considered as an immunogenicity criterion.

*Work carried out by the BSC
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Figure 37. Scheme of the new neoantigen selection strategy. Identified somatic mutations were
filtered using PredIG. Neoantigens selected were ranked according to immunogenicity score and the
top 15 most immunogenic neoantigens were considered for the VLP design. Mutations present in
Pan02 cells are highlighted and underlined in bold. Created with Biorender.

2. Production and characterisation of C_neoVLPs

C_neoVLPs, lacking the transmembrane domain, were engineered to increase their
budding at the plasma membrane and hence promote their extracellular release. With the
classical fusion-protein approach, neoVLPs were being trapped intracellularly, and a
protocol to extract them had to be developed. With this second generation neoVLPs for the
delivery of cancer neoantigens, their release to the extracellular medium and an increased
yield were expected. Pan02 neoantigens previously selected with PredIG were loaded on
both neoVLP platforms, classical and second-generation neoVLPs. In both approaches,

neoantigen were concatenated and separated by linker sequences. This sequence was
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either an AAA or an SSS, as described previously?**3%3, One neoVLP and three different
C_neoVLPs were designed: (i) N_Top15, containing the 15 most predicted immunogenic
neoantigens at the N-terminus of the VLP fused to the Gag protein (first generation neoVLP),
(i) C_Topl5 containing the same 15 neoantigens at the C-terminus of Gag (second-
generation neoVLP), (iii) C_Top7 containing the first 7 among these 15 peptides (second-
generation neoVLP), and (iv) C_Top8 containing the last 8 peptides of these 15 (second-
generation neoVLPs; Figure 38A). As controls, two separate VLPs working as empty carriers
were generated only expressing the structural Gag protein without the neoantigens. One
corresponding to the NakedVLP, with the signal peptide directly fused to the Gag protein by
the murine CD44 transmembrane domain and a FLAG-tag, and the other one was a VLP only
expressing HIV1-Gag and a 6xHis tag (C_Gag; Figure 38A).

These constructs were then transfected into Expi293F cells and harvested 48h later, and
the expression of the proteins was determined by flow cytometry (Figure 38B and C). To
detect the presence of N_Topl5 neoVLP at the cell membrane, we performed an
extracellular staining of FLAG tag and an intracellular staining of Gag p24. A population of
double positive cells could not be identified, suggesting that the fusion proteins were not
reaching the cell membrane, as seen previously with the B16-F10 neoVLPs (Figure 38B). As
expected, the fusion-protein was being retained inside the transfected cells, as a double
positive cell population was only identified when intracellular staining of FLAG tag and p24
was performed (Figure 38C). In the case of C_neoVLPs, expressing the neoantigens at the C-
terminus, we could only confirm the correct expression of the Gag protein inside the cells.
Flow cytometry results show that all four C_neoVLPs, including C_Gag, were expressing the
Gag and it could be detected (Figure 38C).

To determine the increased release of VLPs to the extracellular medium when using the
C-terminus approach, the cell lysate and the supernatant of each transfection were analysed
by western blot. Results show no detectable protein in the supernatant of the two classical
VLPs, N_Top15 and NakedVLP (Figure 38D). Contrarily, we were able to detect equally or
more protein in the supernatant of all C_neoVLPs compared to the cell lysates (Figure 38D).
Furthermore, the levels of expression of C_Top7 and C_Top8 were considerably higher than
C_Top15, indicating that probably a construct containing a higher number of neoantigens at

the C- terminus is poorly translated or degraded rapidly (Figure 38D).
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To confirm if the expression of the proteins that were being detected by flow cytometry
and western blot were properly assembled VLPs, we analysed the VLP producing Expi293F
cells by TEM. Images showed budding events at the cellular membrane of all C_neoVLP
transfections, and formation of VLPs with a lipid bilayer and a structural Gag ring could be
clearly identified in all C_neoVLPs transfections (Figure 38E and F). However, as expected
from results obtained from the B16-F10 neoVLPs, when analysing the formation of VLPs in
the N_Top15, TEM images suggested that the VLP particles were budding from the rough
endoplasmic reticulum, where the fusion proteins were being synthetised, and were
accumulating perinuclearly at the cytoplasm (Figure 38E). No budding events were observed
at the cellular membrane of N_Topl5 nor the NakedVLP producing cells (Figure 38E),
confirming the results seen in the flow cytometry and in the western blot analysis, where
we could not detect p24 protein in the cell membrane nor in the supernatant, respectively.

Altogether, C_neoVLPs were being expressed and assembled properly into VLPs and
were being released to the extracellular media as expected. Therefore, we decided to
continue with the purification of C_Top7 and C_Top8, as results show a higher level of
expression compared to C_Topl5. Chosen C_neoVLPs constructs were transiently
transfected in Expi293F cells and recovered from the supernatant 48h later. Supernatants
from transfection were loaded onto a 30%/70% double sucrose cushion and samples were
centrifuge. Then, the 30%/70% interphase was recovered and dialysed against 1xPBS, and
all fractions were analysed by Coomassie blue staining and western blotting (Figure 39A). A
sample clarification could be observed clearly when comparing the post-dialysed interphase
with the supernatant of all C_neoVLP (Figure 39B-D), where the total protein concentration
is clearly higher. Furthermore, when detecting the specific protein by western blot, result

show equivalent protein bands in the supernatant compared to the dialysed 30%/70%

Figure 38. C_neoVLP-based vaccine production and purification. (A) Scheme of the linear polyprotein
that generates the neoVLPs.With Gag in blue, classical neoVLPs expressing Pan02 neoantigens Signal
peptide in light grey, FLAG tag in orange and TM domain in yellow. With Gag in pink, second generation
C_neoVLPs carrying Pan02 neoantigens. In grey 6xHis tag. Created with Biorender. (B) Representative
flow cytometry panels for the expression of neoVLP fusion proteins in transiently transfected Expi293F
cells. Identification of FLAG tag at the surface of the cells and total p24-Gag. (C) Representative flow
cytometry panels for the expression of neoVLP fusion proteins in transiently transfected Expi293F cells.
Identification of total FLAG tag and total p24-Gag. (D) Western blot image of the cell lysate (Pellet) and
the supernatant (SN) of all transfected VLPs. Asterisk indicates expected molecular weight. (E) TEM
images of Expi293F cells producing neoVLP particles. (F) Cryo-TEM images of purified N_neoVLPs and
C_neoVLPs.
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interphase, indicating that most of the protein of interest is recovered after purification

(Figure 39B-D).
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Figure 39. Optimisation of the VLP purification strategy. (A) Diagram of the sucrose cushion used for
the purification and the different density phases that appear after centrifugation. Created with
Biorender. (B) Coomassie blue staining and western blot analysis of all the purification steps of the
C_Gag VLP production. In blue the final preparation after dialysis. (C) Coomassie blue staining and
western blot analysis of all the purification steps of the C_Top7 VLP production. In blue the final
preparation after dialysis. (D) Coomassie blue staining and western blot analysis of all the purification
steps of the C_Top8 VLP production. In blue the final preparation after dialysis.

3. Preliminary immunogenicity assay of C_neoVLPs

To validate the new selection of neoantigens and their delivery with the second-
generation neoVLPs, we performed a preliminary immunogenicity assay with only one
candidate. To perform the screening assay, we select the C_Top8 as it had shown the highest

expression by flow cytometry and western blot analysis. The in vivo assay performed
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followed a homologous regime of two doses of naked DNA encoding for the neoVLP
construct (Figure 40A). A homologous DNA regime was chosen as it is the most
straightforward vaccination method, and it does not involve purification and formulation of

a large batch of soluble neoVLPs.
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Figure 40. Preliminary immunogenicity assay of C_Top8. Schematic representation of the
experimental designed used to evaluate the immunogenicity of C_Top8. Created with Biorender. (B)
Evaluation of the humoral response against Gag. (C) Evaluation of the T-cell response generated upon
vaccination. C_Top8 in red, C_Gag in grey in all graphs. (D) Tumour growth in mice inoculated with
2x10° Pan02 cells. (E) Evaluation of T-cell responses against selected neoantigens in mice inoculated
with Pan02 cells.

Animals were electroporated with two doses of naked DNA as previously explained and
they were sacrificed two weeks after the second immunisation. Blood and spleens were
recovered and processed for further analysis. We could not detect antibodies against the
HIV-1 Gag protein in the group vaccinated with C_Top8 neoVLP, probably because the
protein was being degraded rapidly after synthesis and was not able to elicit a detectable

humoral response (Figure 40B). On the contrary, the control group vaccinated with C_Gag
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showed a peak after the first immunisation and the antibody titre was stable until endpoint,
confirming the stability of empty Gag VLPs and their increased production in vivo (Figure
40B). To identify IFNy-producing CD8+ T-cell responses, splenocytes from vaccinated
animals were stimulated with all the individual peptides included in the C_Top8 VLP. In
addition, one single pool of HIV-1 Gag overlapping peptides covering residues 314 to 412
was used as a vaccination positive control. Antigen specific CD8+ T-cell responses were
detected against 2 neoantigens: Pard3b and Sall4 (Figure 40C).

To determine whether these responses detected upon immunisation were de novo
responses or already existing T-cell specificities against the tumour, we inoculated four
syngeneic C57BL/6 animals (two males and two females) with 2x10° Pan02 cells
subcutaneously at the right flank. Mice were euthanised when the tumour volume reached
1 cm? and splenocytes were collected (Figure 40D). Cells were tested for CD8+ T cell activity
by ELIspot, and no IFNy producing CD8+ T cells were identified after splenocyte stimulation
with the pools of peptides covering all neoantigens included in the C_Top8 (Figure 40E).
These results suggest that the responses detected after immunisation were new T-cell

specificities.
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In the last 20 years the field of immuno-oncology has been entirely transformed with
the emergence and establishment of immunotherapies as a standard approach for cancer
treatment®®l. Immunotherapies harness the individual’s own immune system to purposely
recognise and eliminate cancer cells, as it would normally do with a viral or bacterial
infection3®®. This approach represents an incredible breakthrough in the field and has
allowed many patients to achieve long-term responses and even complete remission®3,
However, a complete understanding of all the elements that participate in the orchestrated
immune response against tumours is still needed, and despite the advances,
immunotherapies do not yet represent the principal and most effective therapy for all
cancer patients319,

Among cancer immunotherapies, vaccines have become one of the most novel and
promising strategies. Vaccines aim to sensitise the immune system against tumour-specific
antigens and drive tumour-reactive T cells to the tumour site3®!. However, when
administered therapeutically, they can face significant challenges as there is a need to
overcome an immune system that has been restrained by mechanisms promoting self-
tolerance, which sustain tumour development3®!. Other immunotherapies such as IC
blockade contribute to fight this by releasing immunosuppression and halting the negative
signals that limit the effector function of the immune system, but this does not have any
benefit if the availability of tumour-reactive T cells is low*°. For that reason, vaccines are
key in the development of cancer immunotherapeutic strategies as they promote T cell

361 Nonetheless, while the use of cancer

priming and activation with tumour antigens
vaccines has shown some benefits, the number of patients who truly benefit from such
treatments, along with their overall survival rates, remain suboptimal®*®. Therefore, to
achieve better outcomes, it is crucial to carefully select antigens, explore and improve
vaccine design regarding platform usage and delivery, and study appropriate combinations
of treatment. By addressing immunosuppression mechanisms within the tumour
microenvironment and stimulating or modulating the immune system in a targeted manner,
the performance of vaccines can be significantly enhanced®.

With regards to antigen selection, there has been a significant shift in the cancer vaccine
field with the recent focus on neoantigens??. Advances in technologies like next-generation

sequencing have made it possible to examine all somatic mutations in tumour cells to

predict highly immunogenic neoantigens, that are completely tumour-specific!?. Unlike
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tumour-associated antigens, neoantigens are commonly unique to each patient and thus
their identification must be personalised??. The generation of neoantigen-specific T cells that
contribute to tumour elimination upon vaccination has been demonstrated repeatedly, both
in animal models and in clinical trials, and there is considerable evidence supporting efficacy,
safety and potential of neoantigen vaccines 244247301,303308362-366 |y thjs context,
neoantigens from the B16-F10 and the Pan02 cell lines were chosen as appropriate
immunogenic candidates to test on the design of our neoVLPs.

Virus-like particles represent a suitable platform for the display of vaccine
antigens3%%31° VLPs are virus-mimicking structures made up of one or more structural
proteins capable of self-assembly3%°. They imitate the size and form of actual viral particles,
but they lack the genetic material, rendering them incapable of infecting host cells3%°. VLPs
are becoming increasingly popular in the field of preventive medicine. To date, besides the

367-369

FDA approved VLP-based vaccines , several candidates are being explored against

infectious agents and solid tumours37%376,
Among the different structural proteins that VLPs can take advantage from, the HIV-1

317

Gag polyprotein is one of them?®'/. HIV-1-based VLPs can self-assemble from the sole

expression of the p55 Gag protein and are able to accommodate different antigens on their

surface3?’

. On this basis, we aimed to display the selected cancer neoantigens on the surface
of our VLP design by fusing the neoantigen-polypeptide to the HIV-1 Gag protein through a
transmembrane domain and a linker sequence. Our group had previously demonstrated the
successful development of these fusion-protein HIV-1 based VLP platform expressing a high
density of immunogens on the surface®’l. These VLPs were produced, purified and able to
elicit a potent and functional humoral response in a mouse model3?!. Furthermore, following
the same rationale, novel fusion-protein VLPs were produced using the structural Gag
protein from the Feline Leukaemia Virus (FelLV) that confirmed a strong elicitation of T-cell

responses3?2

. In the present work, we aimed to apply this knowledge and generate
functional HIV-1-based Gag VLPs expressing on the surface the predicted immunogenic
neoantigens from the B16-F10 and Pan02 cell lines.

Optimisation of the VLP design involved studying the spacer sequences that would
separate neoantigens in the polypeptide fused to the Gag protein. Epitope flanking

sequences strongly influence peptide processing by proteasomes and understanding the

proteasome cleavage mechanisms can be extremely helpful when predicting possible
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epitopes 329377378 |n 3 cancer vaccine context, it can be determining on the processing and
MHC-I presentation of neoantigens, especially in RNA or DNA-based vaccines, where
peptides are concatenated in single molecules. Velders and colleagues demonstrated the
impact that linker sequences can have on the induction of a CTL response in a DNA
vaccine’®, They generated two constructs that only differed in the presence or absence of

373 While vaccination with the construct that did

linker sequences separating the epitopes
not include defined epitope spacers resulted in protection of 50% of tumour challenged
mice, 100% of mice were protected when the vaccine construct had the epitopes spaced by
linkers®”. They concluded that vaccination with a DNA vaccine adding defined spacers to
separate epitopes benefits the peptide processing and presentation, and in turn results in
better anti-tumour immunity37°,

Here, five different linker sequences used to separate neoantigens were compared, and
their effect in peptide processing and presentation was analysed. Five different constructs
were designed expressing 13 irrelevant neoantigens with the SIINFEKL epitope in the centre
as a reporter peptide. Neoantigens were spaced by five different linker sequences: AAA,
AAL, ADL, A and GGGS. The expression of the protein was determined by western blotting,
and detection of all proteins was only achieved when the cells were incubated with a
proteasome inhibitor. The construct with a single alanine linker was not detected unless the
proteasome was inhibited. These results suggested that the protein was being degraded
very rapidly after its synthesis, but it does not necessarily correlate with a more efficient
MHC-I presentation of the target peptide. When analysing the SIINFEKL/MHC-I complexes
on the surface of cells, the construct containing a single alanine as linker did not significantly
increase the presentation of the SIINFEKL peptide compared to the rest. This shows that a
rapid processing does not necessarily translate into an enhanced presentation, suggesting
that the proteasome could be cleaving the protein in unexpected sides and thus, generating
different peptides from the expected ones.

When analysing the MHC-I/SIINFEKL | complexes on the surface of transfected cells,
constructs where epitopes were spaced by alanine-based sequences were being presented
more efficiently on the MHC-I molecules, and hence more MHC-I/p complexes were being
detected on the cell surface. This was confirmed when we analysed the functionality of the
peptide presentation in a T-cell activation and proliferation assay with splenocytes from OT-

I mice. These cells, containing engineered TCRs that recognise specifically SINFEKL bound to
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the MHC-I, were co-culture with cells transfected with each of the different constructs. We
wanted to confirm that the MHC-I/p complexes detected on the surface of transfected cells
could stimulate T cells. Results showed a higher T-cell activation and proliferation when OT-
| splenocytes were co-cultured with transfected cells expressing constructs where
neoantigens were spaced by alanine residues, confirming the results obtained previously.
This is not the first time that alanine flanking sequences are shown to promote epitope
processing and T-cell recognition. Koszinowski and colleagues demonstrated that flanking
an epitope with oligo-alanines could increase the yield of antigenic peptides generated®.
They inserted a known antigenic sequence in different positions within a carrier protein and
analysed the recovery of peptides processed by the cells. When the insert was in an
unfavourable area where the processing of the optimal antigenic peptide could be expected
to be lower, this was reverted by separating the epitope from the neighbouring sequences
with alanine residues. This resulted in an increased recovery yield of the tested peptide32°.
In a separate study, they compared the processing and presentation of minigenes with or
without alanine spacers. The presence of flanking sequences with alanine residues resulted
in an improved yield of the final antigenic peptides3!.

Taken together, we performed a comparative analysis of five different peptide flanking
sequences and evaluated their impact on antigen processing and presentation. Moreover,
as our constructs contained a transmembrane domain and hence, were surfaced expressed,
they could require extra processing and transport steps, which could affect protein
availability for proteasomal processing and epitope presentation. For that reason, we also
compared the five same linker sequences with intracellularly expressed polypeptides, and
confirmed the results obtained. Our data suggest that linkers based on alanine residues
would allow more efficient processing and presentation of the peptides compared to linker
sequences containing combinations of glycine and serine.

After selecting the optimal spacer, we proceeded to assess how the position of the
peptide and the flanking sequence within the polypeptide molecule affected peptide
processing and presentation efficiency. Initially, our results showed that despite the peptide
being presented regardless of its position in the polypeptide, its presentation was reduced
when located at the N-terminal portion of the polypeptide. On the contrary, peptides from
the centre to the C-terminus of the molecule were presented to a similar higher level.

However, re-arrangement of the peptides at the N-terminus of the molecule showed that
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the amino acid environment surrounding the peptide might be more relevant than the
position in the polypeptide sequence for peptide processing and presentation through the
MHC-I pathway. This information should be taken into consideration for the design of
neoantigen-based polypeptide or the evaluation of their immunogenicity.

Altogether, epitope flanking sequences can have a decisive role in processing and
presentation efficiency, and thus it should be taken into consideration when designing
polypeptide vaccines. Proteasomes do not always cleave molecules on the same sites, if it
was like this, every time a protein was degraded a set of repeated non-overlapping peptides
would be generated3®2. Contrarily, proteasomes generate a wide set of overlapping peptides
that cover the entire protein32. This means that an antigenic peptide will not necessarily be
produced each time an antigen molecule is degraded, therefore adding spacers that force
cleavage sites can help get desired outcomes and enhance the presentation of the epitopes
of interest, in this case neoantigens. Taken all together, proteasomal degradation is a
decisive step that can modulate the immune surveillance of T cells and therefore the

immune response elicited against specific targets.

Having selected the linker sequences to concatenate neoantigens in the polypeptide
and having observed a relatively low impact of peptide position in presentation and T-cell
activation, we proceeded to produce the full-length Gag-based VLPs expressing a high-
density of neoantigen-polypeptides on their surface. In total, 4 neoVLPs plus a NakedVLP
(working as a vehicle) were produced and purified. The candidates were selected based on
confirmed expression of VLPs by flow cytometry staining of the producing cells, optimal
detection of all the proteins by western blotting, and VLP visualisation by TEM and Cryo-EM.

NeoVLPs were designed based on the previous fusion-protein VLPs engineered by the
group. Tarrés-Freixas et al. showed the successful production and purification of a MinGag
VLP, a Gag-based VLP expressing an HIV antigen on the surface®?. Similar to MinGag VLPs,
neoVLPs were designed with a signal peptide at the N-terminal to translocate the protein to
the cell membrane and promote its budding. Contrarily to regular Gag-VLPs, which are
produced in the cytosol and migrate to the membrane directly, neoVLPs are most probably
synthetised in the ER and migrate to the membrane through Golgi. However, 48h post-
transfection, fusion-proteins were being retained inside the ER and could not migrate to the

membrane to be released. This was observed first by flow-cytometry staining of the Gag
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protein, that could not be detected at the cell membrane. It was also confirmed by the TEM
analysis on the VLP-producing cells, where neoVLPs could be seen inside the cells and no
budding events were observed on any of the producing cells. For that reason, neoVLPs had
to be extracted from within cells and could not be purified directly from the supernatant.
Extraction of neoVLPs from inside the cells adds more steps to the purification process and
increases the quantity of possible contaminants. The extracted fraction of neoVLPs was
further purified by ion-exchange chromatography (with a size-exclusion effect). lon-
exchange chromatography is a suitable technique to purify neoVLPs as most phospholipids
are negatively charged at physiological pH and thus neoVLPs budding from the host cell
generating a phospholipid bilayer will have a negative net charge33. The size-exclusion
effect contributes to separate neoVLPs from other extracellular vesicles. However, the
purity of the final preparation was not as optimal as desired, as the presence of host cell
proteins and other contaminants was still high. For that reason, an improved purification
protocol was developed, loading the extracted VLP fraction on top of a 30%-70% double
sucrose cushion and concentrating the VLPs by ultracentrifugation. Then, the recovered VLP
fraction was dialysed to remove the sucrose excess and the ratio of Gag/total protein was
determined. VLPs purified by ultracentrifugation (UC) showed an increased ratio of
Gag/total protein, indicating higher purity. From then onwards, this protocol was used to
purify the second-generation C_neoVLPs. Despite this, other contaminants such as
extracellular vesicles are probably being recovered as well from the UC density ring, and a
second purification step would be necessary. Separating VLPs from extracellular vesicles is
probably one of the biggest challenges in the downstream process of VLP production.
Steppert et al. developed a protocol where clarified and filtered cell culture supernatants
containing HIV-1 VLPs were purified using strong anion-exchange monoliths®®. They
succeeded in eluting most particles achieving a 90.9% depletion of host cell proteins®3.
Hence, adding an anion-exchange chromatography after the UC could result in more pure
yields and better recovery ratios, and it could be explored in the future to purify neoVLPs.
Nonetheless, in a personalised vaccine application, delivering neoVLPs as purified soluble
particles is probably not the most adequate approach. In a personalised vaccine context,
each neoVLP developed will be different and will require a large-scale production and
purification. For that reason, a high throughput purification protocol that results in a high

concentration of particles in a very pure formulation would need to be optimised for every
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neoVLP developed. Therefore, a delivery system based on nucleic acid-based vaccines
coding for the neoVLPs is probably more adequate. Up until now, we have successfully
tested the delivery of our neoVLPs as a DNA-based vaccine, despite the limitations regarding
a possible inefficient uptake from somatic cells when DNA is administered naked. To
overcome that, DNA needs to be electroporated or administered encapsulated by
liposomes38, Tarrés-Freixas et al. developed a DNA electroporation protocol with a
luciferase-encoding plasmid and reported a 3-log higher production of bioluminescence
after electroporation compared to regular administration, and the stable expression of
luciferase up until 3 months post electroporation. Following this protocol we confirmed the
correct electroporation of DNA-based neoVLPs and their optimal expression in vivo.
However, and more so after the COVID19 pandemic, mRNA vaccines have emerged as
powerful alternatives to DNA-based approaches due to their high effectiveness, cost-
effective production, and safe delivery®®>. Recent technological advances, forced by the Sars-
CoV-2 pandemic, have resolved the challenges regarding their potential instability and
inefficient delivery, making mRNA vaccines the newest and most promising vaccine delivery
system3®, Pivoting towards mRNA vaccines in the context of neoVLPs would be the optimal
strategy and thus, personalised neoVLPs would not require a systematic large-scale
production and purification.

Further characterisation of VLPs included cryo-EM analysis of purified VLPs, and it
revealed an expected rounded-shape morphology with an identified electrodense core
formed by the p55 Gag protein for all neoVLPs, similar to the ones observed in regular Gag
VLPs383386387 - This confirms that the presence of neoantigens can allow the correct
generation of Gag-based VLPs. Taken together, fusion-protein neoVLP constructs assembled
into well-formed VLPs that were expected to be displaying the neoantigens on the surface.
Flow-cytometry staining targeting the FLAG-tag at the N-terminal of the protein showed the
detection of the FLAG-tag at the surface of producing cells and intracellularly most probably
co-localised with the Gag protein, which suggests the correct expression of neoantigens
located C-terminal from the FLAG-tag.

Considering all the results, 4 neoVLPs expressing the selected neoantigens and 1
NakedVLP working as an empty carrier were selected to test their immunogenicity in vivo,
in the C57BL/6 mouse model. We performed an experiment comparing homologous

(DNA/DNA or VLP/VLP) and heterologous regimens (DNA/VLP) and analysed the T-cell
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response generated against the Gag protein. The combination of two delivery strategies of
the same immunogen has been demonstrated to elicit higher responses®?138, As seen
previously, higher T-cell responses were obtained when the VLP administration was a
combination of DNA and purified particles. Thereupon, all the immunisations were
performed following a heterologous regime.

After the immunisation with the selected neoVLPs, the humoral response against HIV-1
Gag protein was evaluated by ELISA. Anti-Gag antibodies were detected after the DNA prime
in all immunised groups, and a clear effect of the purified VLP boost was observed. In
parallel, CD8+ T-cell responses were analysed by ELISpot. Splenocytes from vaccinated mice
were stimulated overnight with all the neoantigens included in the neoVLPs. In total, 7
positive responses were detected out of the 44 prioritised neoantigens. This correlates with
the prediction accuracy observed in different neoantigen identification pipelines using the
C57BL/6 mouse model which tends to be around 20-30%3%93%, Unfortunately, the accuracy
of neoantigen prediction in humans from mutations identified by exome sequencing is still
very low, typically around 5%38°-3%,

Furthermore, none of the positive neoantigens belonged to the Tierl neoantigen class.
Neoantigens from the Tier1 classification presented mutations in HLA anchor residues which
increased their binding affinity. Peptides selected from this group acquired HLA presentation
through mutations, and their WT counterpart should not be presented in HLA molecules
because they lacked the anchor residue needed. HLA-binding affinity is probably one of the
dominant contributors to neoantigen immunogenicity and currently it represents one of the
primary factors of peptide prioritisation. For that reason, Tierl predicted neoantigens were
expected to be the most immunogenic, but none of these 12 neoantigens were able to
generate detectable responses. Interestingly, 6 out of the 7 positive neoantigens belonged
to the Tier2/Tier3 classification, which comprised neoantigens with high HLA binding affinity
that had acquired mutation in exposed residues which could be in contact with the TCR, and
thus be involved in TCR recognition. These peptides were prioritised according to the
structural features of the mutated residues, and all presented high affinity for HLA
molecules. Acquired mutations in these peptides were located in the TCR contact surface
and probably modified recognition by cognate T cell clones, which could result in higher
immunogenicity compared to Tierl neoantigens. These results highlight the importance of

including TCR recognition in neoantigen selection pipelines. In silico prediction algorithms
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primarily focus on MHC-I binding, which probably represents the most selective and
comprehensively understood step in antigen presentation?°>3%*, Some of these tools also
take advantage of other processes such as peptide cleavage and transport®®*, gene
expression and clonality to refine and enhance the accuracy in neoantigen prediction.
However, it is well known that not all peptides presented by MHC molecules will trigger T

cell activation3?®

, therefore being able to determine which MHC/p complexes will be
recognise by TCRs is a crucial step. Several approaches have been developed to try to predict
MHC-peptide-TCR binding such as TCRex, NetTCR or Repitope3°63%, TCRex, for example, is
based on a machine learning algorithm that analyses common patterns among different
TCRs that have the same specificity for an epitope3?’. In contrast, Repitope recapitulates the
concept of epitope immunodominance and hypothesises that epitopes targeted by different
individuals with different T cell repertoires have probably some intrinsic patterns that
increase their probability to be recognised by different TCRs3%. This rationale could be
adapted in the neoantigen selection strategies and study inherent characteristics from
predicted neoantigens that have been proven immunogenic and study if the occurrence of
these characteristics can help predict immunogenicity. This approach has been followed by
Gfeller and colleagues when developing PRIME, a predictor of immunogenic epitopes that
correlates neoantigen prioritisation with T-cell potency and provides insights into the
biophysical factors governing T-cell recognition3.

Another question that arises from evaluating these results is the possibility of the
different filters applied in the neoantigens selection pipelines becoming limitations. A clear
example of these was filtering the selection of peptides only focusing on minimal epitopes
(9-mers) which correspond to peptides bound to MHC-I, disregarding MHC-II binding
peptides. Selecting short or long neoantigens is still an open question in the field and there
is not a clear consensus. Using short sequences ensures MHC-I binding, which can lead to
TCR recognition and the generation of a functional CD8+ T-cell response capable of
eliminating tumour cells 3%°7492, vaccination with a mixture of short peptides induces CD8+
T-cell responses in patients®®®. However, using short peptides can have several limitations.
If the peptide is too short, it can bind exogenously to the MHC-I molecule of both
professional APC and other cell types*®. The presentation of peptides without appropriate
co-stimulation and bypassing intracellular processing and presentation can be tolerogenic

and hence, lead to T cell anergy*®*. Furthermore, shorter peptides tend to be HLA-restricted,
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which does not represent the high polymorphisms of HLA molecules in the population. This
can be a problem when developing “off-the-shelf” vaccines, as the peptides selected would
ideally be recognised by different HLA allotypes. On the other hand, long peptides must be
internalised and processed by the proteasome, which will not always necessarily result in
the presentation of the identified epitope. Despite this, internalised and processed long
peptides can be cross-presented to CD8+ T cells and presented in MHC-Il molecules to be

405 Moreover, long peptides

recognised by CD4+ T cells, what elicits a complete CTL response
are not HLA-restricted and thus they allow for a wider population coverage of HLA-types*®.
For that reason, nowadays the most common neoantigen-based immunogens include
identified CD8 epitopes surrounded by an extension of up to 25-30 aa long, to include CD4
possible epitopes*®. In our case, filtering the selection of peptides included in our neoVLPs
to CTL minimal epitopes and considering only 9-mers can be a limitation. Not regarding the
induction of tolerance because of an inappropriate presentation, as our neoVLPs will be
internalised by APCs and peptides should be cross-presented to CD8+T cells, but because of
the lack of CD4+ T cell epitopes. CTL activation in the absence of CD4+ help can result in T
cell dysfunction, for that reason adding helper epitopes in neoantigen vaccines can promote
CTL responses with the suitable help. Despite this, there is a possibility that CD4+ T cell are
being primed and activated upon vaccination, and this could be explored by performing an
immunophenotyping of the splenocytes recovered and exploring if the IFNy production
observed in the ELISpot is being released only by CD8+T cells or also by CD4+ T cells.
Finally, something to take into consideration when selecting neoantigen-specific T cells
is the low percentage of reactive-T-cell clones available in fresh single-cell suspension such
as splenocytes and thus, the sensitivity limit of the techniques used to detect them 47,
Despite ELISpot being a highly sensitive technique, there is a possibility that the number of
clones reactive to certain neoantigens was too low to be detected. To overcome this, T cell
enrichment strategies have been developed to try to enrich the neoantigen T-cell population
prior to analysis. Some examples are detecting the neoantigen T-cell population by
identification of surface marker expression, isolating individual T-cell clones via multimer
staining or expanding a whole neoantigen T-cell population by sensitisation, co-culturing
them with loaded APCs*”. This could be an interesting approach to consider for further

experiments analysing the T-cell response against neoVLPs.
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After analysing the CD8+ T-cell response and confirm that our neoVLPs were able to
elicit de novo T-cell responses against the neoantigens included, we performed a tumour
challenge experiment administering the candidate neoVLPs (Tier2-GAG) as a prophylactic
vaccine. Two weeks after the second vaccine dose, we inoculated the animals with B16-F10
cells and followed tumour growth. We wanted to determine if the response elicited after
immunising with neoVLPs was potent enough to control tumour development. We included
a group vaccinated with neoVLP plus and adjuvant, MPLA, to evaluate if the response could
be enhanced when administered with an adjuvant. Results showed a similar neoantigen-
specific CD8+ T-cell response in all vaccinated groups, and no significant differences could
be observed when animals were vaccinated with or without adjuvant.

Additionally, three animals did not develop a detectable tumour, one animal vaccinated
with neoVLPs and two animals vaccinated with the adjuvanted neoVLPs. The B16-F10
tumour model is considered a non-immunogenic and immune suppressive tumour, and in
our case once the tumour was established it did not elicit any detectable CD8+ T-cell
response against the selected neoantigens. The immune profile of the B16-F10 tumour
model is characterised by a poor T-cell infiltration, decreased expression of chemokines and

498 Furthermore, it

cytokines and a downregulation of adaptive immune-related genes
presents an upregulation of CTNNB1 (b-catenin), which is linked to the suppression of
chemokine production from tumour cells and a reduced T-cell infiltration®®. Despite this
fact, vaccination with our neoVLPs was able to prevent tumour development in 3 out of 16
animals as monotherapy, i.e. not combining the vaccination with any immune-modulators
or ICl therapies. Probably, to confirm the potential of our neoVLPs, vaccination should be
administered in a therapeutic context. Animals are vaccinated once the tumour has been
inoculated and stablished, mimicking a natural cancer progression. In this situation, a poorly
infiltrated and immune-suppressive tumour will escape immunosurveillance and grow
uncontrollably unless vaccination is effective. Moreover, the anti-tumour potential of
neoVLPs could be tested in combination with other immunotherapies such as ICI. It could be
happening that neoVLPs can elicit neoantigen-specific T-cell responses, but these activated
T cells cannot infiltrate the tumour. Priming tumour reactive T cells will not be effective if
these cannot penetrate the tumour, or if the tumour is highly immunosuppressive and has
a low expression of inflammatory cytokine or a downregulated MHC-I presentation.

Combining vaccination with an ICl therapy will probably potentiate the effect of the vaccine
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and result in better outcomes. Furthermore, in a therapeutic context, tumours can enter a
phase of equilibrium compared to tumours that completely escape the immune response.
Comparing and visualising the T-cell infiltration and distribution of TILs in these kinds of
tumours by microscopy would also be interesting to explore post-vaccination.

The production of neoVLPs also presents some limitations. The polypeptide of
concatenated neoantigens fused to the Gag protein lacks a secondary structure, this
hampers the proper expression of the protein that is probably subjected to a higher level of
degradation. In addition, RNA and protein half-life will depend on the order of the peptides
in the polypeptides. If this vaccine platform aims to become a delivery system for
personalised neoantigens, the production of the proteins needs to be optimised and highly
effective. The fact that the impact of secondary structure in the polypeptide stability is hard
to predict can become problematic to upscale this platform as it has great effect on the VLP
formation. For that reason, we developed a second generation VLPs where the neoantigens
are expressed at the C-terminal of the protein. This results in the synthesis of the
neoantigens after the Gag proteins has been fully synthesised, guaranteeing the full
expression of the Gag protein, indispensable for the VLP assembly. Furthermore, not having
the neoantigens expressed on the VLP surface allows for the elimination of the
transmembrane domain that linked the fusion-protein, and that we think contributed to
retain the VLPs intracellularly. With this changes, the second generation of C-neoVLPs are
expected to express the neoantigens in the core of the particle, and to be released to the
extracellular media. Purifying VLPs from the extracellular media instead of extracting them
from within cells reduces drastically the presence of contaminants in the sample.

C_neoVLPs were produced with neoantigens from the Pan02, a murine pancreatic
adenocarcinoma cell line. Until then we had worked with the B16-F10 melanoma cell line,
which is one of the most investigated tumour models in mice and very established*°.
Despite this, pancreatic cancer represents one of the most aggressive types of cancer and
the 85% of diagnosed patients have a survival rate lower than 5 years®'%. Furthermore, many
patients are diagnosed at later stages, which hinders the effective treatment and categorises
most tumours as incurable. This type of cancer is also characterised by a high resistance to
chemotherapy. Therefore, the necessity to develop novel and effective therapies has arisen,

and immunotherapies represent an optimal approach.
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Three C_neoVLPs were produced containing the 15 most immunogenic neoantigens
predicted. A fourth classical VLP was also produced for comparison, containing the 15
neoantigens at the N-terminal of Gag. All VLPs were produced in Expi293F cells and the
pellets and supernatants from the transfections were recovered after 48h. Analysis of the
supernatants of all three C_neoVLP by western blotting showed that they were being
released effectively to the extracellular media compared to the N-terminal classical
neoVLPs. However, the C_Topl5 was being expressed at much lower levels, probably
because these C_neoVLP had 15 peptides in total, and the expression of a bigger
concatenated polypeptide difficulted the generation of fully formed VLPs. This was also
confirmed by the TEM analysis, where less budding events were being detected on the
C_Top15 producing cells, compared to the C_Top7 and C_Top8. Most probably, HIV-1 Gag
based VLPs have a maximum number of aa they can tolerate without compromising VLP
assembly. Results obtained suggest that addition of polypeptides ranging around 70-80 aa
are well incorporated, and longer additions below 150 aa should be thoroughly investigated.
There is a possibility that the protein is being degraded due to the unknown structure the
polypeptide chain has, but it is also possible that the particles are not self-assembling
successfully due to steric hindrance at the core of the particle. Steric hindrance can occur
when large amino acids obstruct the proper arrangement of the protein’s secondary

412 Therefore,

structure, preventing the correct folding into its native conformation
polypeptide secondary structures should be considered when displaying the neoantigens in
a specific order, and probably exploring linker sequences to separate peptides can also help
reduce steric restrictions*'2. In some cases, it can also be addressed by reducing the antigen
content*3, for example, generating VLPs by the co-transfection of constructs fused to the
polypeptide and constructs expressing only HIV-1 Gag protein. In that way, only a known
proportion of structural Gag proteins will be expressing the neoantigens at the C-terminal.
This could be investigated for C_neoVLPs but a possible decrease in immunogenicity due to
the reduction in antigen content should be taken into consideration.

One candidate, the C_Top8, was chosen to screen the immunogenicity of the Pan02
neoantigens through their delivery loaded on second-generation neoVLPs. We wanted to

perform a preliminary assay to confirm the correct formation of the C_neoVLPs in vivo and

their capacity to generate a neoantigen-specific CD8+ T-cell response. Animals were
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immunised with two doses of electroporated naked DNA. Two weeks after the second
immunisation animals were euthanised and spleens recovered as previously explained.

The humoral response against the Gag protein was evaluated by ELISA. Only detectable
antibodies against Gag were detected in the control group, where animals were vaccinated
with C_Gag VLP. Animals vaccinated with the C_Top8 VLP did not elicit a humoral response
against the structural Gag protein probably because the neoVLPs was being degraded very
rapidly after its synthesis in vivo. Splenocytes were stimulated overnight with the 8
neoantigens included in the neoVLP and neoantigen-specific CD8+T cells producing IFNy
were detected by ELISpot. Two neoantigens elicited detectable responses, Pard3b and Sall4.
Both peptides were categorised in the Tier2 and Tier3 classification according to the
structural features of the mutated residues. Both had mutations in exposed residues that
are probably in contact with the TCR and thus can mediate TCR recognition. This observation
is consistent with the results obtained with B16-F10 neoantigens and reinforces the idea of
needing to include T-cell recognition and binding in neoantigen prediction tools.

While in the B16-F10 neoantigen selection all peptides were 9-mers because of a length
restriction filter applied, in this case one peptide was 9 aa long and the other one was 11 aa
long. It is certain that traditionally MHC-1 binding prediction tools have mainly focused on 9-
mers but it has been demonstrated that peptides of other lengths can bind to MHC-I
molecules and elicit a potent T-cell response**. Hence, when considering peptides of all
lengths in personalised neoantigen prediction tools, these need to reflect two aspects: the
ability of different MHC specific alleles to bind to different length peptides; and the
availability and frequency of different length peptides generated by the processing and

presentation machinery*'*,
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Conclusions

Objective I: To design neoantigen concatenated polypeptide sequences that enhance antigen
processing and MHC-I presentation.

The neoantigen concatenates were successfully designed and screened. Alanine-based
linkers used as neoantigen spacers promoted enhanced functional presentation in MHC-I

molecules.

Objective Il: To adapt the HIV-1 Gag-based VLP platform to display concatenated
neoantigens by optimising the design and production of Gag-neoantigen fusion proteins.

Novel neoVLPs expressing cancer neoantigens on their surface were successfully
produced, confirming the adaptability of the VLP platform to a cancer context.
Furthermore, a second-generation of neoVLPs was designed where neoantigens were
expressed at the C-terminal of the HIV-1 Gag protein, promoting their release to the

extracellular media.

Objective Ill: To test the immunogenicity of neoVLPs in a mouse model, assessing their
capacity to generate detectable neoantigen-specific T-cell responses.

NeoVLPs induced a potent CD8+ T-cell response in C57BL/6 mice against 7 out of the 44
neoantigens included in the tested neoVLPs. The majority of immunogenic neoantigens

showed mutations in exposed residues predicted to mediate TCR recognition.

Objective IV: To study the antitumoral efficacy of neoVLP vaccination in a tumour challenge
in vivo experiment in a mouse model.

The neoantigen-specific CD8+ T-cell responses elicited upon vaccination could delay the
growth of the B16-F10 melanoma tumour in C57BL/6 mice compared to the control group.
Moreover, 3 animals were able to completely eliminate inoculated B16-F10 cells and did

not develop a detectable tumour by endpoint.
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