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Chapter 1

VACCINES

The development and large-scale administration of vaccines has had a large influence on
modern day society. The introduction of vaccination programs has practically eliminated
a large number of devastating infectious diseases, such as polio, diphtheria and measles
(1, 2). The current SARS-Coronavirus type 2 outbreak clearly showcased the scenario
when no vaccine is available: more than 4,5 million deaths (as of September 2021), a
number which would have been much higher if the world had not been locked down (3).
Vaccines are designed to induce an immune response that is able to recognize, clear
and remember pathogens, such as bacteria and viruses. In the last centuries prophylactic
vaccines have been developed against infectious diseases and more recently vaccines
have been used to induce tumor specific immunity. In order to induce a protective immune
response in combination with immunological memory, the vaccine needs to instruct and
activate the adaptive immune system.

Edward Jenner, an English physician (1749-1823), is seen as ‘the godfather of vaccination’
by successfully inducing immunity against the small-pox virus in an 8-year old boy.
Edward hypothesized that exposure to the related, but milder, cowpox virus induced
immunity for the small-pox virus, since farmers, working with cattle, were often not
affected during smallpox outbreaks. The hypothesis was tested by scratching pus from
a cowpox pustule into the skin of the 8-year old boy, when exposed to the smallpox virus
several weeks later he did not get infected. This immunization procedure by Jenner was
eventually named vaccination after the Latin name for cow: vacca (1, 4, 5). During the
following century Louis Pasteur (1822 — 1895) made use of weakened or dead pathogens
(disease causing bacteria or viruses) to induce immunity against anthrax and rabies (6).
Building on this knowledge vaccines against a wide range of infectious diseases (e.g.,
diphtheria, typhoid, tetanus and influenza) were developed based on attenuated bacteria,
viruses or whole pathogens during the following century (1, 7). Despite of the success of
these attenuated pathogen-based vaccines, such vaccines were able to induce illness
in immunocompromised individuals or even revert back to their pathogenic form.

Scientific and technical advancements in multiple fields (genetics, immunology and
biotechnology) have allowed precise antigen identification of pathogens and enabled
development of more safe and well defined types of vaccines, such as subunit-, whole
inactivated-, and split-vaccines. In these vaccines only the inactivated pathogen, the
antigen or part of the antigen is included and therefore there is no more infection risk of
the vaccine (1, 7). Whole inactivated- and split-vaccines contain the whole or a part of
the inactivated pathogen while the structural elements important for immune recognition
are maintained (1). The advantage of these vaccines is their good immunogenicity
profile, since multiple elements of the pathogen are part of the vaccine. One of the major
disadvantages of such vaccines is that they are hard to fully define, from a chemical
and pharmaceutical point of view. Modern vaccines circumvent this problem by only
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including the antigen of interest instead of the pathogen (e.g., the spike protein in COVID-
19 vaccines), which allows production of a well-defined vaccine. However, additional
immune stimulating molecules are required to sufficiently activate the immune system
upon vaccine administration (1).

MODERN VACCINE COMPOSITION

An effective vaccine is composed of multiple elements: antigen, adjuvant, delivery vehicle
and formulation excipients. All ingredients together form the final vaccine formulation in
its primary container (e.g., vial, syringe) that can be administered. In modern vaccines
the antigen can be just a small part of the pathogen that is recognized by the immune
system. The antigen can be incorporated as a synthetic replication or as a small string of
genetic code (MRNA/DNA), the latter allowing production of the antigen after vaccination
(1). In order to efficiently activate the immune system modern vaccines are adjuvanted by
incorporation of a delivery system (to ensure the vaccine is engulfed by specific immune
cells), immune modulators (molecules that trigger a specific kind of immune response)
or both. Additionally, the delivery vehicle can protect the antigen from degradation and
inactivation. Formulation excipients ensure that the vaccine stays intact upon storage,
transport and administration.

VACCINE INDUCED IMMUNITY

The immune system is a sophisticated army of different cell types that protect the body
from outside, e.g., bacteria, fungi, and viruses, and inside treats, such as cancer and
intracellular pathogens (8, 9). Two types of immune responses can be distinguished: a
fast but nonspecific “innate” response and a more slow but highly specific “adaptive”
response. Both arms of the immune system work closely together and are required to
clear and prevent infection or disease (1, 9). Within the adaptive immune system three
cell types play a major role in vaccine induced immunity: 1. Dendritic cells 2. B-cells and
3. T-cells. The majority of vaccines are prophylactic agents that aim to prevent infection
and do so by inducing antibody producing B-cells. The induced antibodies are specific
for the pathogens’ antigens and bind the pathogen when detected in the body. The
antibody binding results in neutralization of the pathogen and subsequent clearance by
innate immune cells and hereby prevent infection. In order to establish an optimal B-cell
response both dendritic cells and T-cells are required.

Upon administration the vaccine is internalized by dendritic cells that digest the vaccine,
extract antigen fragments and present these fragments as peptides on their cell surface.
The presented peptides are recognized by T helper cells (CD4* T-cells), a subset of
T-cells, that subsequently help IgG antibody production of specific B-cells. These
vaccine-induced pathogen-specific B-cells will remain present as memory cells after
vaccination so when the pathogen is detected these cells can rapidly scale up antibody



Chapter 1

production to prevent infection (1, 9). This antibody based form of immunity is also named
humoral immunity (1).

While antibody mediated immunity is very effective in the prevention of viral and bacterial
infections in the body fluids, it is not functional against readily infected cells. T-cells,
however, are able to detect intracellularly infected cells; the so-called cellular immunity.
The recognition of e.g., virus-infected cells is mediated by antigen fragments, peptides
derived from the viral pathogen inside the cell, that are presented by MHC molecules (see
below) on the surface of infected cells, which can be recognized by the T-cell receptor
(TCR) of the specific T-cell (1, 8). Similar to the humoral response the dendritic cells
play a major role in the orchestration of the T-cell response. The dendritic cells present
antigen fragment from the pathogen, derived from dead infected cells or a vaccine,
to cytotoxic CD8* T-cells (by MHC class | molecules) and to helper CD4* T-cells (by
MHC class Il molecules). Additional to antigen presentation, the dendritic cells strongly
stimulate T-cell activation and division by expression of co-stimulatory signals (10-13).
The induced CD8* T-cells travel throughout the whole body and upon detection of the
foreign antigen fragments they bind and kill the infected cell. The CD4+ T-cells will help
induce and shape the CD8* T-cell response (hence the name T-helper cell) and ensure
clearance of the infected cells (1, 8, 11). Since a wide variety of cancer cells present
tumor-specific antigen fragments the T-cell arm of the immune system is able to ‘see’
cancerous cells (8, 14-16). The increased understanding of T-cell mediated tumor cell
recognition and subsequent clearance has revolutionized the treatment of cancer and
resulted in the introduction of cancer immunotherapy, the collective name of drugs that
are able to induce and improve tumor-specific immune responses.

CANCER IMMUNOTHERAPY

Cancer is a collective of diseases in which uncontrolled cell growth invades and/or
spreads throughout the body. It is only recently appreciated that the immune system is
able to recognize tumors via antigens that can be (over)expressed by the tumor. This
concept is strengthened in the past decade by a number of newly developed drugs
that aim to improve cancer immunity that have been successfully introduced in the
clinic. One of the most widely used immunotherapeutic drugs are immune checkpoint
inhibitors, which are antibody-based drugs that block immune signals, which modulate
T-cell functioning in cancer patients. Currently, inhibitors for the programmed cell death
receptor-1 (PD-1) and cytotoxic T-lymphocyte antigen-4 (CTLA-4) are now part of the
clinically approved treatment of a variety of tumors (8, 17-20). Both PD-1 and CTLA-4
play a role in the negative feedback loop of the normal immune system to ensure that
T-cell immunity is dampened when an infection is cleared, likely to prevent autoimmune
reactions (8, 20, 21). However, it became clear that tumor cells can utilize expression
of such co-inhibitory molecules to “defend” themselves against T-cell mediated kKilling.
This mechanism allows tumor cells to escape T-cell immunity when the tumor antigens
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are recognized by cancer-specific T-cells. The discovery of these molecules and the
subsequent development of blocking antibodies, that can prevent inhibitory signals to-
and reactivate cancer-specific T-cells, has shown the power of cancer immunotherapy,
which was a real breakthrough in the clinic (20, 22).

Checkpoint inhibitors mainly affect a class of highly tumor-specific T-cells in cancer
patients, the so-called neoepitope-specific T-cells (14-16). These antigenic neoepitopes
originate from mutations, generally DNA point mutations, which are not necessarily
involved in the uncontrolled cell growth but can be present in any gene. The mutations can
lead to the expression of tumor-specific proteins with small amino acid changes (the neo-
antigens which can potentially be recognized by specific T-cell receptors present in the
T-cell repertoire as seen as non-self. Parts of these mutated proteins can be translated
into peptides and presented on the tumor cell surface via major histocompatibility
complexes (MHC) class | and Il, enabling T-cells to recognize these cancer-specific
molecular changes even when they are intracellular (14-16, 23). Such intracellular
defects cannot be recognized by antibodies produced by the humoral part of the immune
response. The checkpoint inhibitors that are able to dampen immunosuppression, by
which these T-cells are normally kept non-functional in tumors, revealed the potential of
neoepitope specific T-cells. Treatment of tumors with a high number of mutations (e.g.,
melanoma, lung cancer) with checkpoint blocking therapies resulted in durable clinical
benefit and progression-free survival (22, 24).

Despite the clinical success in melanoma and lung cancer, still only limited number of
other cancer patients benefits from checkpoint inhibition, likely due to other mechanistic
reasons, like low antigenicity, T-cell exhaustion and other ways of immune escape by
tumor cells (8, 19, 25-27). Additionally, checkpoint inhibition has led to side effects
as autoimmunity since the brakes of the immune system are released throughout the
whole body (8, 19, 21, 25, 26). In most cases fortunately these side effects are tolerable
and transient, but in some cases severe. The limited number of responders shows
the need for improved and more specific immunotherapies that elicit high numbers of
functional tumor-specific T-cells which can effectively reach the tumor and metastases.
Therapeutic vaccination is a strategy to induce, amplify and diversify tumor-specific
immunity, resulting in high numbers of activated T-cells that selectively recognize and
kill malignant cells (15, 28-30) and leave healthy cells unharmed. Therefore, therapeutic
vaccination has the potential advantage of no expected side effects. The technological
and scientific advancements have enabled rapid genome sequencing, cancer mutation
mapping and systematic epitope identification, enabling the design of truly personalized
cancer vaccines (14-16, 28, 29, 31). For the design of personalized cancer vaccines,
multiple antigen formats (e.g., proteins, peptides, antigen-encoding mRNA or DNA) are
available (14, 29, 32).
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FORMULATION OF SYNTHETIC PEPTIDE-BASED CANCER
VACCINES

The research described in this thesis is focused on peptide-based cancer vaccines.
Peptides in cancer vaccines are parts of the amino-acid sequence of tumor antigens
that contain the tumor epitopes, the ‘instructions’ for specific activation of the immune
system. In earlier research our lab has shown that length of the antigenic peptide is
important for effective vaccination. A short peptide which contains only the MHC class
| epitope can bind directly to MHC class | molecules on the cell surface, since every
nucleated cell express MHC class I. This results in antigen presentation by cells that are,
unlike dendritic cells, not able to provide co-stimulation to the T-cell and thereby immune
tolerance can be induced rather than tumor immunity (33, 34). Elongation of the peptide
circumvents this problem since the peptide becomes processing dependent, meaning
that dendritic cells have to engulf and process the peptide before the epitope can be
loaded in MHC molecules (10, 34, 35). Research of our lab has shown that that these
synthetic long peptides are more effectively processed and presented by dendritic cells
than the native protein or the short minimal analogue (36). Peptide elongation can be
done by embedding tumor epitopes in flanking sequences of amino acids, which can be
the natural sequences of the tumor antigen, different tumor epitopes or man-designed
sequences. A main advantage of these long peptides is the full synthetic production,
eliminating the need for a cell based production system and offer the possibility to include
potency enhancing modifications (34, 35, 37). Also the production time is greatly reduced,
since no cell transfection, culturing and complex purification steps are required. In our
studies we have made use of processing dependent, long synthetic peptides (SPs) in
all conducted studies.

Previous studies have shown that SPs encoding tumor epitopes are able to induce
antigen-specific effector T-cells in multiple preclinical and clinical studies (30, 31, 38-
40). In order to establish effective tumor immunity the SPs needs to be delivered to,
and subsequently activate, dendritic cells. Previous studies in our lab have made use of
cationic liposomes; positively charged lipid spheres on a nanometer scale (1*10° meter)
that have an aqueous core. The synthetic lipids DOTAP and DOPC were used to prepare
the liposomes and different antigen-containing SPs were loaded in the liposomes. When
the liposomal vaccine is combined with a defined adjuvant, a toll-like receptor ligand
(TLR-L), a class of immune stimulating small molecules prior to injection, the SP loaded
liposomes induced antigen-specific and functional CD8* as well as CD4* T-cell responses
(41-43). Vaccination with liposomal encapsulated SP containing tumor antigens of the
human papilloma virus (HPV)-induced tumor specific T-cells that were able to fully clear
established tumors in a HPV tumor-bearing mouse model (41).

A different strategy to activate dendritic cells, to ensure efficient induction of an antigen-
specific immune responses, is by direct conjugation of the SP to an immune stimulating
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molecule. Previous work of our lab has shown effective induction of tumor specific T-cells
after administration of such peptide-based conjugates. These conjugates have been used
to efficiently to induce tumor-specific T-cells that were able to clear tumors in multiple
tumor-bearing mouse models. In an ex vivo setting the conjugates efficiently activated
patient-derived tumor-specific T-cells (44-46). Recently, a phase | clinical trial revealed
that TLR2-ligand-SP conjugates, containing HPV epitopes, were safe with limited side
effects upon delivery in the skin and induced significantly higher T-cell responses in the
blood of these patients (Speetjens et al. In preparation) (47).

Combined, both liposomal encapsulation and peptide conjugation offer an option
to improve personalized peptide-based cancer vaccines. An important feature of
personalized cancer vaccines is that such vaccines will be composed of different SPs,
which are based on tumor-specific mutations, to induce immunity against multiple
neoepitopes. This thesis, “Formulation of peptide-based cancer vaccines”, describes
two strategies applicable for neoepitope-based cancer vaccines.

THESIS AIM AND OUTLINE

The aim of this thesis is to design and optimize prototype vaccines for personalized
cancer vaccination. The described research in this thesis was focused on two different
strategies of synthetic peptide-based vaccines:

1. DOTAP:DOPC based cationic liposomes loaded with antigenic synthetic peptides

2. antigenic synthetic peptides conjugated to a newly developed TLR-Ligand as an
adjuvant

In Chapter 2 the current status of cationic nanoparticle-based cancer vaccines is
reviewed. The application of cationic nanoparticles in cancer vaccines is discussed
including their molecular mechanisms of adjuvanticity and biodistribution profiles when
administered via different administration routes.

Since personalized peptide-based cancer vaccines will consist of multiple patient specific
SPs, with varying physicochemical characteristics, the cationic liposomes should be
able to harbor a wide variety of synthetic peptides. In Chapter 3 the application of
cationic liposomes as a flexible vaccine delivery system for physicochemically diverse
antigenic peptide sequences is described. A library of physicochemically different SPs,
all harboring a model T-cell epitope, were synthesized. Three liposome encapsulation
methods were developed to individually encapsulate all different SPs and an improved
immunogenicity for encapsulated peptides was shown in vitro.
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In Chapter 4 the intradermal administration of cationic liposomes via a digitally-controlled
hollow microneedle injection system was studied. The intradermal route has shown great
potential for peptide-based T-cell cancer vaccines and hollow microneedles allow for a
more controlled administration.

Chapter 5 describes an ultra-pressure liquid chromatography (UPLC) method that
separates the synthetic peptides and both lipids, DOTAP & DOPC, of our liposomal
cancer vaccine. The development and validation of quantification methods, according
to ICH guidelines, for both peptides and lipids is a requirement for the further clinical
translation of the cationic liposomal formulations.

In chapter 6 a multi-neoepitope vaccine formulated in cationic liposomes is described.
In the vaccine MHC class | and class Il neoepitopes of a mouse colorectal cancer model,
MC-38, were formulated and characterized via the methods developed in chapters 3 and
5. The liposomal multi-neoepitope vaccine efficiently induced and activated neoepitope
specific T-cells, and could control outgrowth of MC-38 tumors in mice and induced long-
term immunity.

The immunological mechanisms of action and pharmacokinetics of SP loaded cationic
liposomes were explored in chapter 7. Cationic liposomes loaded with SP resulted in
prolonged intracellular antigen storage in dendritic cells and antigen deposition at the
site of injection upon intradermal administration. SP loaded cationic liposomes induced
the highest frequencies of antigen specific CD8+ T-cells compared to neutral and anionic
SP loaded liposomes.

In chapter 8 a novel human-specific Toll-like receptor 2 ligand mini-UPam, which was
directly conjugated to two different SPs comprising human neoepitopes derived from a
patient’s melanoma, was evaluated. Both an MHC class | and MHC class Il neoepitope
conjugated to the mini-UPam could effectively activate the cancer patient’s T-cells ex
vivo. This flexible system allows further exploration for clinical translation.

In chapter 9 the findings of this thesis and their implications for the development of
personalized cancer vaccines are discussed.
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