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Abstract

The aim of this work was to synthesize peptides that would perform two functions in the potential
treatment of two types of cancer.

The first group of peptides was used as the antigenic component of a nanovaccine formulation that
represents an immunotherapeutic approach to treating pancreatic ductal adenocarcinoma. In some
cases, the peptides were modified at the N-terminus through palmitoylation and PEGylation, with the
objective of enhancing their immunogenic potential. Additionally, they were synthesized as single
epitopes or as multi-epitope constructs derived from tumor-associated antigen proteins. The peptides
were formulated in poly(lactic-co-glycolic) acid-based nanoparticles, and the resulting
nanoformulation was tested in a mouse model to assess its immunogenic activity. Two multiepitope
peptides demonstrated a markedly positive response in vitro. These were the Palmitoyl-
PLTVAEVQKLLGPHVKKALPLDLLLFLKKSLLFLLFSL-NH; peptide and the H-
KVYLRVRPLLKKSYGVLLWEIKKRFVPDGNRI-NH; peptide. These findings suggest that long multi-epitope
constructs are the most effective alternative for use as nanovaccine components, as single epitope
peptides were demonstrated to lack immunogenicity. However, preliminary in vivo assays of the two
multi-epitope peptides exhibited minimal activity against the tumor in a mouse model. Additional
validation is necessary through the repetition of these assays.

The second group of peptides served as targeting units in a quatsome nanovesicle delivery system that
is designed to carry a therapeutic nucleic acid for the treatment of neuroblastoma. The peptides were
initially synthesized with fluorescein as a probe. In parallel, a small molecule ligand, a thiolated p-
aminobenzylguanidine derivative, was also synthesized, labeled and evaluated in conjunction with the
targeting peptide moieties to determine their internalization capability in a neuroblastoma cell line.

A sequence targeting the GD2 receptor in neuroblastoma cells (H-WHWRLPSGGGC-NH;) and the
thiolated p-aminobenzylguanidine derivative, demonstrated the greatest capacity to internalize into
these cells and were therefore selected for the development of a conjugation methodology in
quatsome nanovesicles using a thiol-maleimide click reaction. The methodology was successfully
developed, and the optimal conditions were identified as a pH of 7.5, a reaction time of two hours, the
presence of a reducing agent and a clean-up methodology of size exclusion chromatography in
Sephadex G50 and aqueous elution followed by mild acidic elution. This allowed for the separation of
nanovesicles from unreacted ligands and the indirect estimation of the conjugated targeting moiety in
the nanovesicle. The methodology yielded conjugation estimates of 50% to 65% for both the GD2-
binding peptide and the thiolated p-aminobenzylguanidine derivative. Furthermore, this formulation
was demonstrated to have the capacity to deliver a nucleic acid to a neuroblastoma cell line. However,
a switch of the PEGyl moiety carrying the maleimide function from PEG;000 to PEGig0o is required to
achieve quantitative internalization.

Furthermore, a study was conducted to evaluate the suitability of five different carbodiimides for use
in solid-phase peptide synthesis, the methodology employed for the production of all peptide
compounds in this research. The objective of this comparative study was to identify an optimal
alternative to N,N'-diisopropylcarbodiimide (DIC) that can prevent the formation of the toxic
compound hydrogen cyanide, which can occur when the reaction is conducted in the presence of
oxyma. The study demonstrated that 1-tert-butyl-3-ethylcarbodiimide is an effective alternative to DIC.
It exhibited comparable synthetic performance in the production of two peptide models and an
antigenic peptide, while reducing the occurrence of hydrogen cyanide by threefold compared to DIC.



Resumen

Este trabajo tuvo como objetivo sintetizar péptidos que pudiesen cumplir dos funciones en el
tratamiento de dos tipos de cancer. El primer grupo de péptidos es el componente antigénico en una
formulacién de nanovacuna terapéutica contra el adenocarcinoma ductal pancredtico. Para
incrementar su potencial inmunogénico, se incluyeron péptidos modificados en la amina N-terminal y
se formularon en nanoparticulas de acido poli(lactico-co-glicdlico). Las formulaciones se ensayaron en
un modelo de raton. Dos péptidos multiepitdpicos: Palmitoil-
PLTVAEVQKLLGPHVKKALPLDLLLFLKKSLLFLLFSL-NH; y H-KVYLRVRPLLKKSYGVLLWEIKKRFVPDGNRI-NH;
mostraron una actividad inmunogénica éptima in vitro, lo que sugiere que los péptidos largos
multiepitdpicos son una excelente opcidn como componentes de vacunas. Ensayos in vivo, sin
embargo, demostraron poca actividad antitumoral.

El segundo grupo de péptidos son unidades de direccionamiento en un sistema de entrega tipo
guatsoma, que porta un acido nucleico terapéutico para el tratamiento del neuroblastoma. Estos
péptidos se sintetizaron como sondas fluorescentes introduciendo fluoresceina. Conjuntamente, se
sintetizd una molécula organica, un derivado tiolado de p-aminobencilguanidinio. Estos compuestos
se ensayaron en su capacidad de acumulacidon en células de neuroblastoma. El péptido H-
WHWRLPSGGGC-NH; y el derivado tiolado de p-aminobencilguanidinio fueron seleccionados por su
excelente actividad y se desarrollé una metodologia de conjugacidn de estas unidades en quatsomas,
alcanzando tasas de conjugacion de entre el 50 % y el 65 %. Ademas, se demostré que esta formulacion
puede entrar en una linea celular de neuroblastoma y entregar un acido nucleico siempre que la
funcién maleimida se introduzca en un PEG1oc0.

Todos los péptidos se sintetizaron mediante sintesis en fase sélida. Se realizéd un estudio sobre la
reaccién de acoplamiento de esta metodologia, en el que se compararon cinco carbodiimidas, con el
fin de evaluar la mejor alternativa a la N,N’-diisopropilcarbodiimida (DIC), tanto en cuanto a la calidad
de la sintesis como a la minimizacién de una reaccion secundaria de la DIC en presencia de oxyma: la
formacion de cianuro de hidrégeno. Se demostré que la 1-tert-butil-3-etil-carbodiimida cumple ambos
criterios y puede usarse para este fin.
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Peptides: From synthesis to biomedical application in two types of cancer

1.1 Cancer

Cancer is an umbrella term used to describe a number of disorders that are caused by a multifactorial
deregulation of the cell cycle which causes uncontrolled multiplication of affected cells. This
deregulation of cell proliferation can lead to very well-described deleterious consequences for
organisms, potentially culminating in death.! Among the numerous types of cancer affecting the
general population, two are of particular concern, pancreatic ductal adenocarcinoma (PDAC) and
neuroblastoma (NB), due to their aggressiveness, low survival rates, difficulty in early diagnosis and
lack of adequate treatment alternatives. Research into alternative treatments to the classical
approaches, such as radiotherapy and chemotherapy combined with surgery, has been promising up
to the point of clinical trials. Immunotherapy is one of these alternative treatments. However, research
into it has not yet shown effective results.?* The development of novel strategies to treat these types
of cancer is of paramount interest.

1.1.1 Pancreatic Ductal Adenocarcinoma (PDAC)

PDAC is one of the most aggressive forms of cancer, with a 90% mortality rate within five years after
diagnosis.>® Within EU countries mortality of PDAC has increased in the last decade’** (Figure 1.1) and
Austria, Czechia, Finland, Germany, and Hungary are in the top ten of the highest mortality rates per
100.000 inhabitants.
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Figure 1.1 Pancreatic Cancer Statistics for some western EU and OECD countries, showing current age
standardized death rate per 100k inhabitants up to 2023 or nearest year and the % increase of said rate from
2011-2019 or nearest year.

Survival rate of PDAC patients is very low due to the fact that PDAC is extremely silent at early stages,
which makes it difficult to diagnose.’® Consequently, most patients are diagnosed only after the cancer
has already metastasized.® Currently, the only curative treatment for PDAC is the surgical removal of
the tumor, but fewer than 20% of patients have tumors that can be resected at the time of diagnosis.®
More than 80% of patients are diagnosed with advanced-stage tumors that should be treated with
chemotherapy and median survival is less than one year.'®!” Contrasting other tumor types, targeted
therapies have been unsuccessful for PDAC until now.’®% Nonetheless, a broader understanding of
PDAC tumor and its interactions with the immune system has opened possibilities for treatment via
immunotherapy.?! PDAC is a complex and heterogeneous tumor and environmentis consisting of
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cancer stem cells and a dense stroma. Within the tumor microenvironment (TME), cancer-associated
fibroblasts, pancreatic stromal cells, and recruited immunosuppressive cell populations can be found
(Figure 1.2).2%2 This last group includes myeloid-derived suppressor cells (MDSCs), tumor-associated
macrophages (TAMs), and regulatory T cells (Treg cells) and their activity is key to explain the failure of
immune responses to control the tumor and thus the lack of success in immunotherapy research to
date.

Pancreatic Ductal Adenocarcinoma (PDAC)
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Figure 1.2 Tumor structure for Pancreatic Ductal Adenocarcinoma in human (created with BioRender.com).
1.1.2 Neuroblastoma (NB)

NB is a type of cancer that affects neuroblasts, precursor cells to both nerve cells and adrenal medulla
cells. The most frequently locations affected by NB are the adrenal glands?, but it can also appear in
the spinal cord, abdomen, head, and thorax (Figure 1.3). It is the most frequent pediatric solid
extracranial sold tumor.2%?°> Approximately 90% of all cases of NB occur in children under the age of
five, and it is the most common form of cancer in the first year of life?®??, sometimes starting before
birth. Crucially, by the time it is diagnosed it is often already metastasized.?®* However, survival is
inversely related to age, with younger patients more likely to survive and mortality reaching
approximately 30-50% in patients 5 years of age or older.?*

Bone marrow metastasis

Figure 1.3 Clinical presentations of metastatic Neuroblastoma in children (figure extracted from Maris, J.M.
“Recent advances in neuroblastoma”. N. Eng. J. Med. 2010, 326, 2202-2211).
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Neuroblastoma is responsible for approximately 15% of cancer-related deaths in pediatric patients.>°
It should be understood that there is great interest in finding effective treatments to eliminate it and
better diagnostic tools to detect it in its early stages, so much research has been done to understand
its underlying mechanisms. This interest is increased because the target demographic is pediatric and
as such this becomes a very sensitive topic.

The difficulty in treating this cancer stems from its complexity due to its high genetic, biological,
clinical, and morphological heterogeneity®*?, which makes it a tumor with a diversity of cell types,
changing cell phenotypes over time, and multiple instances of mitogenic and antiapoptotic activity
caused by the deregulation of different key checkpoints, such as the downregulation of p53. This
suppression of apoptosis and increase in mitogenic activity is due to the expression of two major
oncogenes: MYCN and ALK.3! This cellular diversity and phenotypic plasticity also leads to the
development of resistance to chemotherapy and instances of relapse through the expansion of drug-
resistant tumor cells.3® Further complicating the treatment of this cancer, macrophage infiltration upon
the development of an immune response results in regrowth of tumor cells.® Therefore, novel
therapeutic alternatives need to be explored for the treatment of NB.

1.2 Peptides as bioactive compounds

Peptides are widely used in biomedical research and various therapeutic applications (Figure 1.4) due
to their high affinity, selectivity, and specificity for their targets. These properties translate into
remarkable safety and efficacy profiles in humans, making them well tolerated as drugs and showing
few side-effects.3*37 In addition, their synthesis is well optimized® and allows the preparation of
diverse peptides with good yields in a short time frame, becoming good chemical tools for research.

Peptides are an important subset of biological polymers/oligomers, such as proteins, nucleic acids,
oligosaccharides, polysaccharides, and others and are defined as short chains of amino acids linked
together by amide bonds (also known as peptide bonds). Peptides share the same amide backbone
with proteins. In general, chains of 2-50 amino acids are considered peptides, and those with greater
numbers of amino acids are considered polypeptides and/or proteins. The amide bond characteristic
of the peptide backbone connects the a-amine of one amino acid to the a-carboxylic acid of the next
and has a planar conformation and a m-bond-like character due to the resonance resulting from the
delocalization of a non-bonding electron pair of the nitrogen atom, being quite stable and unreactive
at neutral pH and room temperature.3 Furthermore, the amide bond is one of the most commonly
occurring bonds in organic and biological molecules. 3¥° Peptide functionality is defined by the amide
backbone, the side chains of the amino acid sequence, and the secondary and tertiary conformational
structure it adopts. Several bioactive peptides have been described, including several hormones,
growth factors, various receptor ligands, enzyme inhibitors and antimicrobial effectors, which perform
diverse biological functions, such as hormonal, metabolic and cell cycle regulation, cell-to-cell
communication, host defense and immune modulation.3**4? Peptides are also widely used in
biomedical research due to their high affinity, selectivity, and specificity for their targets. These
properties translate into remarkable safety and efficacy profiles in humans, making them well tolerated
as drugs and showing few side-effects.3*%’ In addition, their synthesis is well optimized®® and allows
the preparation of diverse peptides in a short time frame with quite good yields, becoming good
chemical tools for research.

Many synthetic peptides are FDA or EMA approved or are in clinical trials for the treatment of
diseases***743% including metabolic*®, cardiovascular?, infectious®**8, diseases of the central nervous
system® and cancer.®®>2 They can also be used in preventive health such as skincare®, general
regenerative medicine and tissue engineering.>* Compared to protein-based biopharmaceuticals,
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peptide-based therapeutics have greater chemical and physical stability, higher activity per unit mass,
and lower immunogenicity.3>3® In addition, the complexity and cost of production are lower, generally
approaching that of small molecules.?**3¢ Indeed, as pharmaceutical compounds, peptides occupy a
comfortable niche between complex macromolecules and small organic molecules. An interesting
subset within peptide-based therapeutic agents is that of antimicrobial peptides (AMPs), whether
antibacterial, antifungal, antiviral or antiparasitic. Their application range from pest control and
prophylaxis in the food industry>>>® to therapeutic as anti-infective for pathogen control and
elimination.364859-61 Thejr mechanism of action may be by direct interaction with the pathogen target
or by indirect action as immunomodulators, inducing the action of immune effectors (cytokines,
neutrophils) that facilitate clearance of the pathogen.® This dual mode of action results in a low
propensity to generate resistance compared to conventional antibiotic molecules.6:69.62

Peptides are also being used to generate self-assembled nanostructures for drug delivery, vaccination,
and therapeutics®*®*® because they can be engineered to exhibit self-assembly and gelation
properties. The ability of peptides to form hydrogels has been explored for tissue engineering.®*5°
Furthermore, peptides serve as models for structure-function analyses®® that study, for example,
antimicrobial potential®’, and in the building of libraries for said purposes.®’

Peptides also function as epitopes in vaccine formulations to generate a monospecific immune
response against an antigenic parent protein. This use is widespread, encompassing the production of
immunoglobulins for commercialization or research purposes, as well as therapeutic applications such
as immunotherapy.>®®7’! Notable examples of peptide-based vaccines developed in recent years
include candidate vaccines against SARS-CoV-272 and research into Mycobacterium tuberculosis-
specific antigens with the objective of producing an alternative anti-tuberculosis vaccine to the current
BCG (Bacillus Calmette-Guerin) vaccine, which is based on a live attenuated whole pathogen.”

Peptide ligands of specific receptors and proteins expressed on cell membranes are also employed for
targeting/homing functions, directing drug delivery systems and compounds to desired tissues, cells,
or cell organelles via affinity interactions with these surface membrane cell receptors or guiding drugs
towards intracellular targets.36°1.60636% Cel| Penetrating Peptides (CPPs) are a specific group of this
peptide category and are sequences that can cross the cell membrane and deliver loads that target
internal cell structures being appropriate to generate targeted drug delivery systems.®*5474 This ability
also makes them appropriate vaccine components to ensure their internalization, processing, and
presentation by antigen-presenting cells.”®’?

Despite all these advantages, peptides have limited physical stability compared to small molecules,
variable solubility in aqueous solvents and are highly susceptible to enzymatic digestion. This results
in low circulating plasma half-lives, thus reducing their scope and timeframe of action.343564
Interestingly, this very fact also implies certain advantages, such as inherent biodegradability, easy
clearance from the organism and thus low toxicity. Nevertheless, achieving therapeutic plasma
concentrations is a fundamental problem for peptide drugs and because of this, several strategies have
been developed to overcome this problem. Another disadvantage derived from the chemical nature
of peptides is their low bioavailability and ability to cross physiological barriers such as mucosae and
cell membranes due to the presence of a mixture of non-polar, polar, and charged residues in their
sequence. This translates into a limited ability to reach tissues and cell targets, compared to organic
molecules, with the notable exception of CPPs. Therefore, some systemic delivery routes such as oral
administration are complicated, and peptide administration is mostly limited to the parenteral
route3*%*, with approximately 75% of peptide drugs administered in injectable form.3* For several
reasons, including poor patient compliance and the risk of infection, this is not ideal.
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Despite these drawbacks, approximately 150 peptide therapeutics are currently in various stages of
clinical trials®***, and more than 100 peptide drugs have been approved by the FDA and the EMA by
2023.43,45,75
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Figure 1.4 Summary of some biomedical applications of synthetic peptides (created with BioRender.com).

1.3 Immunotherapy and peptide-based cancer vaccines

Within the universe of the biomedical applications of peptides, cancer treatment is of particular
interest to research. Peptides can be used as drugs against tumor cells®*°17®, as targeting molecules
for drug delivery’” and as vaccines to induce anti-tumor immune responses.>>897178 The |atter is a
form of immunotherapy and one of the novel alternatives to classical approaches to cancer treatment,
which consists of recruiting the patient's immune system to selectively attack and eliminate cancer
cells. The immune system has inherent antitumor activity, but it is often insufficient to fight cancer
because the proliferation of cancer cells can outpace the rate at which the immune system can
eliminate them. In addition, cancer cells can develop mechanisms to evade the immune response.”®™
8 The goal of immune-based therapy is to enhance the antitumor response by enabling the
recruitment and activation of immune cells, particularly and critically, tumor-infiltrating CD8+ T cells
(TILs) that can reach and kill cancer cells.®®° Recently, the incorporation of immunotherapy in the
treatment of various solid tumors has marked a paradigm shift in oncology. Monoclonal antibodies,
immune checkpoint inhibitors, T-cell transfer, vaccines, and ribonucleic acids (RNAs) are the main
immunotherapeutic strategies for cancer treatment, modulating the antitumor immune response at
different points. While monoclonal antibodies bind specific antigens and mark the tumor cell for
elimination, immune checkpoint inhibitors (ICls) block regulatory checkpoint proteins of the immune
response, preventing downregulation and thus maintaining the strength of the immune activity. T-cell
transfer, or immune cell therapy, consists of using immune cells (i.e., lymphocytes) collected from the
patient, conveniently selected and expanded in the laboratory, and then reintroduced into the
patient's body to directly eliminate cancer cells. On the other hand, vaccines are produced to train the
patient's immune system to fight cancer cells by recognizing specific antigen epitopes in tumor cells.
Finally, there is evidence to support that RNAs can serve as regulatory molecules of the immune system
as well as suppressing the expression of oncogenes (Figure 1.5).8278*
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Figure 1.5 Currently applied and researched types of immunotherapies for the treatment of cancer (created with
BioRender.com).

Cancer vaccines work on the same principles as vaccines for other diseases, where the active peptide
component triggers an immune response that generates long-term immunity against a foreign antigen,
with the caveat that their use is therapeutic rather than preventive or prophylactic. In this particular
case, the recognition target is a self-antigen produced on the surface of cancer cells, either in a
mutated form or overexpressed compared to healthy cells. Cancer vaccines train the immune system
to recognize these antigens as foreign, thereby triggering a cellular response based in cytotoxic CD8+
T cells that targets and selectively eliminates cancer cells (Figure 1.6).8>%
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Figure 1.6 The basic strategy behind cancer vaccine immunotherapy. A vaccine formulation is injected, and an
immune response is generated against a tumor antigen which is recognized by T CD8+ cells leading to the death
of the tumor cell (created with BioRender.com).

Peptide vaccines have advantages compared to standard methods of cancer treatments, such as
chemotherapy and radiotherapy. They are specific in their target and have low toxicity. Their specificity
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results in few off-target effects and is thus a well-tolerated therapy.>®® Peptide vaccines have several
advantages over other types of immunotherapies. Compared to monoclonal antibodies, peptide
vaccines are cheaper and faster to produce because the peptide can be synthesized and loaded onto
a delivery system to construct a vaccine formulation in generally less time than it takes to extract,
culture, select and expand specific clones of T cells, fuse them into hybridomas, and finally have a
population of cells that can secrete the antibody. This is a very complex series of steps that can take
more than a year. In addition, antibodies must be carefully maintained and preserved to avoid loss of
activity because, like most proteins, they are very sensitive to physical challenges such as temperature.
Unlike immune checkpoint inhibitors, cancer vaccines do not cause the side effects associated with
ICls, such as diarrhea, rash, and fatigue, or other serious but less common side effects, such as liver
inflammation.®” With respect to RNA therapies, these nucleic acids are less enzymatically stable than
peptides due to their notorious lability to the ubiquitous nucleases and although administration routes
are the same for both RNAs and peptides, RNA therapeutics must be administered with greater
frequency, bi-weekly for some drugs.28 When compared to T-cell transfer, a similar issue arises than
for monoclonal antibody production. Isolating and expanding populations of tumor-specific
lymphocytes, eliminating unwanted cell populations, maintaining them, and ultimately delivering
them to the patient is a costly and lengthy process. Finally, cancer vaccines aim to generate a durable
and potent immune response and, unlike all previous alternatives, require a limited number of
applications in the form of an initial immunization and one to two boosters to induce antitumor
activity, whereas most other alternatives require more frequent applications over longer periods of
time.

Peptide vaccines can carry epitopes from two main types of antigens (Figure 1.7, A). The first are tumor-
associated antigens (TAAs), which are proteins expressed in normal cells but overexpressed in cancer
cells (Figure 1.7, B).% Since these are self-antigens, immune tolerance can be expected, and thus they
are often poorly immunogenic, eliciting a weak and short-lived immune response. However, they are
broadly distributed and common, as they can be found in more than one type of cancer cell.>®97 The
second type of epitope is that of neoantigens, also called tumor-specific antigens (TSAs), which are
mutated proteins recognized by the immune system as foreign.® This allows for increased antitumor
specificity and generally more responsive CD8+ T cells (Figure 1.7, B). However, the strength of the
immune response depends on the abundance of the neoantigen/TSA, which may be low in contrast to
TAAs. In addition, a tumor may change cell types as it develops or modify its phenotype and no longer
carry the same neoantigens, thereby escaping the initial immune control.®®

Additionally, peptide antigens for cancer vaccines should bind to major histocompatibility complex
(MHC) class | and Il to be presented to T cells and elicit an immune response (Figure 1.7, B). These
protein complexes can be highly polymorphic, i.e. variable from individual to individual. This is a major
difficulty in expanding the scope of anticancer vaccines, although it has the advantage of allowing
therapies to be personalized to specific individuals by formulating a few key neoantigen peptides to
enable precise activation of CD8+ T cells.?>°! Therefore, antigen selection is key to meeting all of these
requirements. The optimal epitopes should bind MHC complexes, and both class | and class Il should
be targeted. This ensures that both a CD8+ T cytotoxic (Figure 1.7, B) and a CD4+ T helper (Figure 1.7,
C) cell response is generated, as an effector cell response (CD8+ Tc) alone is neither sufficient nor
sustained over time.®

In general, peptides with high affinity for MHC | are short peptides (from 8-mer to 11-mer) and
therefore do not require processing to activate CD8+ cytotoxic T cells. A disadvantage in using these
peptide epitopes is that in those MHC-I expressing cells that do not contain activating co-molecules,
the binding of these peptides does not activate CD8+ T cells, but instead induces immune tolerance.
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Antigenic peptides that bind MHC-II are longer (12-mer to 18-mer) and activate a CD4+ T helper cell
response. Furthermore, antigenic peptides longer than 20-mer require internalization and processing
prior to presentation, which is carried out by professional antigen presenting cells (APCs), such as
dendritic cells (DCs). Following this route results in a stronger and more durable immune response.®
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Figure 1.7 A: Antigens derived from tumor cells, including B: MHC I-binding peptides, which are presented by
most of the organism cell types to activate T CD8+ cytotoxic lymphocytes and C: MHC II-binding peptides which
are presented only by antigen presenting cells to activate T CD4+ helper lymphocytes (adapted with BioRender
from templates by Iwasaki & Wu, Janeway’s Immunology Bed, © Garland Science, 2022).

Another important aspect to consider is the type of construct the antigens are integrating: a single
peptide containing multiple epitopes, namely multi-epitope peptide, or a mixture of single epitopes
(Figure 1.8, A and B). Multi-epitope peptide vaccines are ideal because they elicit a strong immune
response, are less susceptible to enzymatic digestion, are better able to withstand other physical and
chemical challenges and thus remain at the site of injection for longer periods of time. This gives the
epitopes a better chance to reach their APC targets and force their internalization, processing and
successful presentation. The use of multi-epitope peptide vaccines allows the formulation of epitopes
for many antigenic targets that can be introduced at once, as well as the formulation of both MHC |
and MHC Il peptides. They are also less expensive to produce than recombinant synthesis of the entire
antigen protein. They are also preferred over short peptides (single epitope) as a route of antigen
presentation to achieve better immune responses.5°2

A specific class of multi-epitope peptide vaccines are the multiple antigen peptides (MAPs, Figure 1.8,
C), which incorporate multiple copies of a specific epitope or copies of more than one epitope into a
multivalent scaffold, providing for a potent antigenic molecule that improves T cell activation and
makes the immune response stronger.®>°> MAPs are constructed with a central core that carries 2, 4,
8 or more anchoring sites that can be occupied by peptide epitopes. The multivalency of the core is
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achieved by building it with appropriate monomers, such as lysine and ethylene diamine. The use of
these molecules allows the application of known chemical reactions common to the peptide synthesis
process.”®%%® MAPs are advantageous compared with linear peptides, as they possess greater chemical
stability and are able to induce adequate immune responses without the need for a carrier, although

it remains difficult to include many types of epitopes into a single structure.®*%
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Figure 1.8 Three different modes of presentation of peptide epitopes. A: Single epitope linear sequences, B:
multiple-epitope linear sequences and multiple antigenic peptides (MAPs) in both C: homotropic and D:
heterotropic ensembles (created with BioRender.com).

In all of the above cases, it is possible to synthesize self-adjuvanting constructs which positively
contribute to better and stronger activation of T cells that provide an efficient, sustained, and potent
immune response. This can be achieved by slightly modifying the peptide sequence introducing
moieties such as fatty acids that can bind to toll-like receptors (TLRs) and trigger pro-inflammatory

signals (Figure 1.9).%’
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Figure 1.9 Activation of antiviral/antitumor immune responses by effector cells and IFN-y mediated by palmitic
acid acting as a ligand for Toll-Like receptors (adapted in BioRender from a template by Mills K. H. TLR-dependent
T cell activation in autoimmunity. Nature reviews. Immunology. 2011, 11, 807-822).

There are many variables that can be tuned in peptide-based vaccines to achieve better efficacy,
including formulation into delivery systems, use of appropriate adjuvants, assembly of peptide-based
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nanostructures, and others; all of which can result in increased in vivo stability and half-life of the
antigenic peptide and efficient delivery to antigen presenting cells (APCs). This in turn helps to produce
a vaccine with the potential capacity for improved targeting, enhanced immunogenicity, and efficient
induction of cellular and humoral immune responses with very low toxicity and few side effects.®®

1.4 Peptide delivery systems

As mentioned above, the administration of peptide compounds alone can present some challenges in
their application for the treatment of various diseases. Compared to small organic molecules, the
physical, chemical, and enzymatic instability of peptides results in low circulating plasma half-life,
bioavailability, and tissue penetration capacity, thus limiting their efficacy.3#3*®* For cancer vaccines,
this results in poor immune responses and thus ineffective treatment. One way to overcome these
complications is to formulate the peptides into appropriate delivery systems consisting of ensemble
particles of inorganic or organic components, including metals, polymers, or lipids, usually in the form
of nanoparticles (NPs).”%’* Interestingly, peptides themselves can serve as delivery systems through
the self-assembly of a specific subset of sequences that can interact, either naturally or by design, to
form ordered nanostructures. In addition, some peptides are prone to gelation, and these hydrogels
can also serve as delivery systems.%>74

The delivery system either encapsulates or incorporates the bioactive peptide on its surface, ensuring
its stability and localized distribution at the desired target sites. It also increases the half-life of the
peptide component by protecting it from enzymatic degradation, chemical degradation, and rapid
renal clearance due to its greater size. Delivery systems can also help overcome problems of solubility
and bioavailability of therapeutic compounds, allow their distribution in the organism and localization
to target tissues, reduce their concentrations at off-target sites, and control their release. In addition,
they can serve as platforms to carry not only the active peptide but also other components.”>*® Drug
delivery platforms such as liposomes, dendrimers, emulsions, polymer nanoparticles and others have
all been used as nanocarriers for the delivery of various therapeutic agents. (Figure 1.10).%°
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Figure 1.10 Organic and Inorganic types of nanostructures that are used as delivery systems for therapeutics that
include peptides (adapted in BioRender from template by Zhu et al. Recent advance in tailoring the structure and
functions of self-assembled peptide nanomaterials for biomedical applications. Coord. Chem. Rev. 2023, 494
2153-2174).

Nanovaccines, the subset of vaccines formulated in nanoparticles or nanomaterials in general that
contain antigenic peptides, have been developed in recent years to overcome the challenges of antigen
delivery and elicit a specific immune response. NPs smaller than 100 nm are able to intrinsically
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improve antigen presentation by enhancing antigen uptake and internalization by APCs and facilitating
maturation of dendritic cells (DCs), resulting in potent anti-tumor specific response.”

While there are many alternatives of delivery systems for peptide drugs and vaccines, in this work we
will focus on two particular systems and their application: polymeric nanoparticles based on poly
(lactic co-glycolic acid) (PLGA) (Figure 1.11, A) and the lipid-based quatsomes (QSs), nanovesicles based
in sterol lipids, stabilized by cationic surfactants. (Figure 1.11, B).
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Figure 1.11 Schematic representation of two delivery systems. A: PLGA-based formulation for nanovaccines. B:
guatsome nanovesicle for targeting and delivery of a load.

1.4.1 Delivery systems based on PLGA nanoparticles

PLGA is a polymer with attractive properties to be used as a delivery platform, such as biocompatibility,
low potential toxicity, biodegradability and hydrophilicity. It can enter cells through pinocytosis and
clathrin-mediated endocytosis, allowing for well-tuned and controlled drug release.’® In general,
PLGA is used to produce systems for parenteral administration. Upon degradation, the constituent
monomers enter normal metabolic pathways, culminating in their elimination as water and carbon
dioxide, which explains their minimal systemic toxicity.'® In cancer treatment research, coating PLGA
with chitosan can improve targeting and delivery of NPs towards the tumor site. Chitosan is a known
CD44 ligand, and thus targets cancer stem cells, which can facilitate penetration of the tumor
microenvironment and like PLGA is biocompatible and biodegradable.%!

PLGA NPs are excellent candidates for anticancer drug delivery due to their increased permeability and
retention, as well as their ability to carry targeting molecules on their surface, which promotes drug
release in the tumor and minimizes the deleterious off-target side effects that these drugs typically
have.”* The same is true for a PGLA-based nanovaccine (Figure 1.11, A), as it will consist of a formulation
that can carry the immunogenic peptides and adjuvants and deliver them to APCs at the site of
injection. Crucially, it is an FDA-approved compound, and this fact makes it a preferred platform for
nanovaccine formulations.'®

1.4.2 Quatsome nanovesicles for targeted delivery

Liposomes are one of the most widely used drug delivery platforms for the treatment of cancer and
other diseases. Liposomes are nanovesicles formed by a phospholipid bilayer similar to a cell
membrane, allowing for an aqueous pocket in which hydrophilic compounds can be encapsulated and
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protected from external conditions. Additionally, hydrophobic compounds can be carried in the bilayer
and delivered to biological targets. These lipid nanovesicles can fuse with cell membranes, which
makes them very advantageous for the delivery of drugs and various therapeutic agents across
impermeable barriers. Within this group of vesicles, we find quatsomes (QS), which are sterol-based
lipid nanovesicles that self-assemble into a bimolecular lipid bilayer in aqueous media in the presence
of quaternary ammonium surfactants. They have attractive properties for pharmaceutical applications,
including high thermodynamic stability, remarkably homogeneous size distribution, unilamellarity,
ability to encapsulate and adsorb a wide range of small molecules and macromolecules, and very good
stability under in vivo conditions.%*:102:103

These nanovesicles have a positively charged surface, which is due to the chemical nature of the
surfactant component, either myristalkonium chloride (MKC) or hexadecyltrimethylammonium
bromide (CTAB). Furthermore, cholesterol, which is the sterol most commonly used to build QSs, can
be switched with the 3B-[N-(N',N’-dimethylamino-ethane)carbamoyl]-cholesterol (DC-chol), adding to
the positive surface charge. This positive charge gives QSs the ability to bind negatively charged
molecules to its surface via electrostatic interactions. In particular, it allows pH-dependent loading of
nucleic acids, especially small and micro RNAs (miRNA), which can interfere with the proliferation of
cancer cells. The pH-dependent nature of the interactions allows for controlled release into the neutral
environment of the cytosol upon incorporation into the cells. This approach is ideal for the treatment
of complex and aggressive cancers such as neuroblastoma and colorectal cancer.®® The targeting of QSs
to cancer cells can be achieved by introducing peptides, ligands or other molecules on their surface
that can specifically bind to cell surface receptors. The idea behind this type of formulation is to
parenterally inject the QS with the drug, such as miRNA, complexed on its surface and targeted to a
specific tissue or cell type by the presence on its surface of peptides that are known ligands of
receptors found in these tissues or cell types. This formulation will deliver the treatment upon
internalization or fusion of the quatsome into the cell and release the drug into the cytosol in a pH-
dependent manner. This multi-step process ensures localized and specific delivery in the target cell,
which is particularly useful in cancer treatment, as conventional chemotherapeutic agents are known
for their lack of specificity, leading to toxicity and various off-target side effects.

1.5 General aspects of solid phase peptide synthesis

The various therapeutic systems studied in this thesis, either cancer nanovaccines or targeted RNA
delivery systems based on quatsomes, contain peptide components that were synthesized in this
thesis. Their synthetic process should be optimal to produce final compounds with high yields and
purities. In general, the solid phase peptide synthesis (SPPS) methodologies are used for this purpose
because it is very well standardized, increasingly reliable, robust and allows the rapid modification of
the sequence with natural and non-natural amino acids as well as other molecules, making it easily
adaptable to the needs of the field of application.

In SPPS, the peptide chain is constructed by sequentially incorporating amino acids through an amide
bond, usually from the C-terminus to the N-terminus, into a solid polymeric support, called a resin, of
varying chemical nature. The most commonly used resins have polystyrene (PS) or polyethylene glycol
(PEG) cores and sometimes a copolymer blend of the two, such as the TentaGel resin'®* (Figure 1.12).
In general, the solid support anchors the peptide chain through a linker that can release the final
peptide with a carboxylic acid or amide at the C-terminus by acidolysis treatment. The incorporation
of each amino acid of the peptide sequence is maximized by the use of excess reagents, which can be
eliminated along with the soluble by-products by filtration and multiple peptidyl-solid support washes
with different solvents, avoiding purification steps until the peptide is complete.
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Figure 1.12 Four different solid supports used in this work with A and B: PS core. C: Tentagel (PS/PEG) core and
D: PEG core, providing for both A and C: amide and B and D: carboxylic acid terminus as well as A: high and B, C
and D: low acid sensitivity for cleavage.
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The incorporation of each amino acid during the peptide elongation lies in the coupling reaction, which
consists in the acylation of the a-amine of the amino acid already incorporated to the solid support
with the carboxylic acid of the next amino acid, which has been activated to a more electrophilic form,
whether as an active ester, a symmetrical anhydride, an azide or an acid halide, the active ester being
the most commonly used. To ensure that this acylation is selective, protected amino acid building
blocks are used that contain a protecting group for the a-amine and in those amino acids with
functional groups on their side chain with an adequate protecting group that is stable to the
elimination conditions of the a-amine protecting group. The use of this orthogonal protection
synthesis scheme is necessary to avoid secondary reactions. In the early developmental stages of
peptide chemistry, the preferred scheme was the Boc/Bzl protection?®, in which the acid-labile tert-
butoxycarbonyl (Boc) group served as a-amino protection and was mainly used with the much less
acid-labile benzyl (Bzl) group, among others, for side chain protection. The Boc group is deprotected
with a solution containing a percentage of trifluoroacetic acid (TFA), while side chain and global
cleavage of the peptide from the resin is achieved with much stronger acids such as hydrogen fluoride
(HF). This last key aspect of the Boc/Bzl strategy meant that while it became a very robust technique
for producing high quality peptides, there were very serious safety hazards involved.!®® The Fmoc/tBu
strategy emerged as an alternative protection strategy'®” in which a base-labile group, the 9-
fluorenylmethyloxycarbonyl (Fmoc), is used as the a-amino protecting group, while the side chains
carry, among other groups, the acid-labile tert-butyl (tBu) group (Table 1.1). The Fmoc group is
eliminated by treatment with bases, usually cyclic secondary amines, of which piperidine is the reagent
of choice!®1% although some alternatives have been proposed over time.’° In contrast, global
cleavage of the peptide from the resin and deprotection of side chain functions is achieved by
acidolysis treatment with TFA.112112 This involves less harsh conditions compared to HF treatment and
fewer safety risks. Thus, the Fmoc/tBu scheme is currently the preferred strategy for the preparation
of synthetic peptides. The elongation of the peptide chain involves continuous cycles of removal of the
Fmoc group and coupling of the incoming amino acid, ending with the acidolytic cleavage of the
peptide from the resin and the global elimination of the side chain protecting groups (Figure 1.13).
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Table 1.1 The 20 standard Fmoc-protected amino acids

Amino acid Side chain protection

Example
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Figure 1.13 General protocol for the cycles of the solid-phase peptide synthesis (adapted from, J.M. Solid-phase
peptide synthesis: An overview focused on the preparation of biologically relevant peptides. RSC Adv., 2014, 4,

32658-32672).
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The elimination of Fmoc occurs via deprotonation of the 9-position in the fluorene ring by piperidine
(Figure 1.14, 1) and a B-elimination process (Figure 1.14, 2) that releases CO and the dibenzofulvene
group, which is promptly captured by forming an adduct with a second piperidine molecule (Figure
1.14, 3). Finally, the piperidine gives back an H* to form a free amine. (Figure 1.14, 4).
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Figure 1.14 Fmoc elimination mechanism.

Once Fmoc elimination is complete and the alflamine is free, the next amino acid is incorporated
through a coupling reaction to produce an amide. An impressive number of coupling reagents have
been developed over the decades for this purpose.!’* These convert the carboxylic acid of the
protected amino acid into a carbonyl with increased electrophilicity, attached to a good leaving group
that can be easily attacked by the a-amine. Among the many options for coupling reagents, the most
commonly used combination is that of N,N-diisopropylcarbodiimide (DIC)'** and HOBt!!® or ethyl 2-
cyano-2-(hydroxyimino)acetate (Oxyma)!® as summarized in Figure 1.15. In this case, the coupling
reaction begins with an attack of the hydroxyl oxygen on the electrophilic carbon of the carbodiimide
(Figure 1.15, 1), with concomitant proton removal. This produces a highly reactive O-acylurea, which is
then attacked by the oxygen to produce a second active ester and release N,N-diisopropylurea (Figure
1.15, 2). Finally, the a-amine from the amino acid previously anchored to the resin in the extended
chain attacks the active ester (Figure 1.15, 3) and acylation continues with the release of oxyma (Figure
1.15, 4). HOBt was widely used in SPPS, however it was reported that it has potential explosive
properties, which makes it hazardous to transport and store.'!” Oxyma was developed as an alternative
that presented comparable activity, without this dangerous property.!1®

When peptide elongation is complete, the final Fmoc group is removed and the finished product is
cleaved from the resin with trifluoroacetic acid (TFA), which is also capable of removing the side chain
protecting groups. This process generates highly reactive carbocations from these protecting groups,
which must be captured to prevent their irreversible reincorporation onto functional groups of the
peptide side chains. Nucleophilic molecules called scavengers are added to the cleavage mixture to
react and suppress these carbocations. These have historically included many different reagents used
throughout the development of SPPS®111118 Kyt the most commonly used for the standard
protecting groups are H,0 and triisopropylsilane (TIS).
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Figure 1.15 Mechanism of the coupling reaction between two amino acids using DIC and oxyma or HOBt as
additives.

When cysteine and methionine are present in the sequence, additional stronger nucleophiles must be
added because their thiol and methylthio functions are easily alkylated under acidic conditions. A
suitable reagent for this purpose is 1,2-ethanedithiol (EDT), which also acts as a strong reducing agent
to prevent reactions of the free thiol moieties of cysteine or the oxidation of methionine. TFA plays
three important roles in the process: it provides protons for acid cleavage, it acts as an excellent solvent
for peptides, scavengers, and by-products, and it also acts as a scavenger itself.

Both cleavage and removal of sidechain protecting groups by TFA occur by similar mechanisms: the
carbonyl oxygen is protonated by TFA, withdrawing an electron pair from a carbon in either the resin
linker (Figure 1.16, 1 and 2) or the protecting group (Figure 1.16, 3). The linker (Figure 1.16, 2) and
protecting groups are released as carbocations that are rapidly captured by nucleophilic scavengers
(Nu) (Figure 1.16, 4), leaving the cleaved, unprotected peptide as the final product (Figure 1.16, 5). Note
that the resin linker can also be cleaved at a few additional sites (Figure 1.16, 2). Once the crude peptide
has been analyzed and purified, it can be used for several applications.

SPPS has become a staple in the production of bioactive peptides because its processes allow for
relatively quick and quantitative production of peptides with high purity and very well characterized
identity. Introducing modification to the sequences is easy, whether it is the use of D-enantiomeric,
non-standard and/or non-natural amino acids, N-terminal modifications such as acylation or C-
Terminal modifications such as switching from carboxyl to amide or thioester. °The known advantages
and flexibility of the synthetic protocol for peptides compounds is at the base of its choosing in this
project for the production of both antigenic components of nanovaccines aimed at the
immunotherapeutic treatment of PDAC as well as the production of targeting peptides and strategies
to conjugate it into quatsome nanovesicles for the treatment of neuroblastoma.
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Figure 1.16 Mechanism for the cleavage and global deprotection of a dipeptide from a Rink Amide resin using
TFA and scavengers.

1.6 By-production of hydrogen cyanide by a secondary DIC/Oxyma reaction

Oxyma provided a solution to the safety concerns raised by the use of HOBt, serving as a suitable
replacement for this compound due to its performance, solubility, and comparable cost. It was
therefore widely used in SPPS, and for more than a decade SPPS has relied on the DIC/oxyma coupling
mixture due to its remarkable performance.’® It should be noted, however, that HOBt remains the
reagent of choice for solution chemistry and is now commercialized as a monohydrate to minimize its
explosive properties.

Despite the many benefits that oxyma has brought to peptide synthesis, it was reported in 2019 that
an unwanted byproduct, hydrogen cyanide HCN, can be formed.??>!2! Hydrogen cyanide is a toxic
compound that is gaseous, rapidly penetrates mucosal membranes, and interferes with respiratory
metabolism by disrupting the normal function of electron chain transport.??

When working at the research scale, the amount of HCN generated is likely to be negligible and easily
removed under a fume hood. However, the safety situation changes when industrial facilities are used.
The larger scales involved may present a safety hazard that must be considered. For this purpose,
commercially available alternative carbodiimides can be tested against oxyma to see if a candidate can
be found that does not show this side reaction while showing synthetic performance comparable to
that of DIC.
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The aim of this work is to produce synthetic peptides for use as immunogenic components in a
nanovaccine formulation and as targeting moieties in a nanovesicle formulation for the treatment of
two types of cancer, pancreatic ductal adenocarcinoma and neuroblastoma. In parallel, an alternative
coupling reagent to N,N-diisopropylcarbodiimide for standard peptide synthesis protocols is explored
to avoid the release of HCN generated in the coupling step.

The specific objectives of the present thesis are:

1.- Synthesize different chemical presentations of selected immunogenic tumor-associated peptide
antigens or neoantigens and epitopes expressed in human PDAC to bind both MHC | and MHC II. PGLA-
based multi-component nanovaccines will be formulated with the best antigen peptide presentations
and evaluated in vitro and in vivo in a mouse model.

2.- Synthesize targeting/homing units that bind various overexpressed proteins in neuroblastoma cells
and evaluate their internalization ability. The targeting/homing units with the best internalization
properties will be conjugated to a quatsome nanovesicle system to produce a targeted miRNA delivery
system.

3.- Development of a synthesis methodology to reduce HCN formation in carbodiimide/oxyma-based
peptide synthesis protocols by evaluating different carbodiimides.
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1.1 Introduction

1.1.1 Pancreatic ductal adenocarcinoma (PDAC): epidemiology and treatment challenges.

1.1.1.1 PDAC characteristics, epidemiology and clinical presentation.

Pancreatic ductal adenocarcinoma (PDAC) is a very aggressive form of cancer that accounts for 90% of
all cases of pancreatic cancer.® PDAC is an ailment with very low five-year survival rate , which has
reached a 10% in 2020.%>123 |t is currently the seventh leading cause of cancer-related deaths, and it
is estimated that it will become the second leading cause by 2030.> Specifically, in Western European
countries, the incidence of PDAC has generally increased over the last decade, reaching a 14% in
countries such as Germany.” 4

The high mortality rates can be explained by a variety of compounding factors. Biologically, PDAC
presents a complex tumor microenvironment (TME) with a dense, reactive tumor stroma composed
of activated stellate cells, cancer-associated fibroblasts, and leukocytes (Figure 1.1).2 The TME
promotes peritumoral fibrosis and poor vascularization, resulting in a mechanical barrier that impedes
the reach and access of both chemotherapeutic agents and tumor-infiltrating lymphocytes (TILs).8%124
Clinically, PDAC presents with non-specific symptoms and is difficult to diagnose in its early stages.
When the tumor expands sufficiently, contact with local blood vessels and some major blood vessels
further complicates surgical removal.®

e
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Figure 1.1.- Structure and cell composition of the PDAC tumor (figure extracted from K. Patil et al., The plasticity
of pancreatic cancer stem cells: implications in therapeutic resistance. Cancer and Metastasis Reviews. 2021, 40,
691-720).

As a result of these various interacting characteristics of the PDAC tumor is that 50% of patients have
metastatic disease at diagnosis, 30% have locally advanced disease and only 20% have surgically
resectable tumors.®! Surgical removal of the tumor increases the 5-year survival rate to 25%.° The
majority of PDAC patients are treated with chemotherapy throughout their treatment. In addition, the
standard and well-known treatments available, such as chemotherapy, become much less effective at
this late stage. In addition, multidrug resistance to classic anticancer drugs has been reported in PDAC
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patients.?

The difficulty of conventional treatments for PDAC tumors, either surgical or drug-based, has led to
the search for alternative treatments. Currently, the paradigm continues to be the use of
chemotherapy. However, chemotherapy is used in a multi-drug regimen that attempts to circumvent
resistance. At the research level, immunotherapy has emerged as an attractive proposition due to its
many amenable properties compared to surgery and conventional chemotherapy.812°

1.1.1.2 Multi-agent chemotherapy

The approach used for chemotherapeutic treatment of PDAC consists of decades-old anticancer drugs.
However, the novel strategy applied is the combination of multi-agent treatment, depending on the
presentation.!?>126

The main chemotherapeutic agents used are 2',2'-difluoro 2'-deoxycytidine (gemcitabine), paclitaxel,
5-fluorouracil (5-FU), irinotecan, and oxaliplatin (Figure 1.2).
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Figure 1.2 Anticancer drugs used for the chemotherapeutic treatment of PDAC.

Gemcitabine is the most commonly used anticancer drug for PDAC. It is an inhibitor of thymidylate
synthase which inhibits DNA synthesis and promotes DNA damage leading to apoptosis. However,
overexpression of mitogenic receptors such as the epidermal growth factor receptor (EGFR) and the
subsequent overactivation of mitogenic pathways such as the PI3K/AKT pathway can overcome the
apoptotic process leading to gemcitabine-resistant tumors.2

Paclitaxel is a direct anti-mitotic agent that binds B-tubulin preventing chromatid segregation and thus
resulting in cells with extra DNA content. This has a cytotoxic effect on the cells and leads to death.
Paclitaxel is always administered conjugated to albumin (Nab-paclitaxel) to avoid toxicity and improve
bioavailability. Export by efflux pump proteins and mutations in the tubulin sequence are the main
causes of paclitaxel resistance in tumor cells.?®
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5-fluorouracil is also a thymidylase synthase inhibitor and shows similar effects to gemcitabine, but it
can also be incorporated as a metabolite in during RNA synthesis instead of uracil, which has direct
cytotoxic effects on the tumor cell. The mechanisms by which tumor cells resist this drug are not yet
known.26

Irinotecan is a prodrug of SN38, a topoisomerase | inhibitor, which inhibits DNA synthesis during the S
phase of the mitotic cycle leading to cell cycle arrest and apoptosis. The mechanisms of resistance are
not clear, although it has been proposed that the SN38 is exported by an efflux pump and that
topoisomerase | is mutated in tumor cells.1®

Finally, oxaliplatin is a platinum-based anticancer drug that is proposed to be a DNA crosslinker.
Modification of the DNA strands lead to cell cycle arrest and apoptosis. Resistance to these drugs has
largely been associated with a variety of transporter proteins. It is noteworthy that this compound is
not effective on its own and is always used in combination.?®

The Treatment of PDAC (Figure 1.3) is now largely relegated to chemotherapy, which is used as multi-
agent therapy to avoid the many resistant tumor phenotypes that PDAC patients present to the
individual drugs. Primarily, 5-FU, irinotecan and oxaliplatin are combined along with folinic acid (which
enhances the activity of 5-FU) in a combination chemotherapy regimen called FOLFIRINOX. Depending
on the case, this combination strategy may also include the other two drugs mentioned above.?®

While chemotherapy in a combination regimen represents an improvement in survival for PDAC
patients, this improvement remains modest. The normal prognosis for PDAC is a median survival of
only 12 to 18 months. The 5-year survival rate is improved to 25% with combination chemotherapy t
after surgical resection and to 21.8% with combination chemotherapy alone.'?
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Figure 1.3 General treatment guidelines for PDAC patients. Treatment applied depends on Eastern Cooperative
Oncology Group Performance Status (ECOG PS) where ECOG PS = 0 is a fully active patient, while ECOG PS =4 is
a severely disabled patient incapable of self-care (figure adapted from D. Principe et al., The current treatment
paradigm for pancreatic ductal adenocarcinoma and barriers to therapeutic efficacy. Front. Oncol. 2021, 11,
688377).
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Given that only 20% of patients are candidates for surgery, chemotherapy remains the best available
treatment for the majority of patients. However, chemotherapy is associated with severe toxic side
effects. To cite just one such side effect, multi-agent chemotherapy has been reported to increase
grade 3 neutropenia (a decrease in circulating white blood cells) from 27% to 38%.1%¢

The best available treatment of PDAC with aggressive cytotoxic agents has not been shown to provide
clinically relevant improvements for PDAC patients. Therefore, it is important to explore new treatment
alternatives.

1.1.2 Immunotherapy and peptide-based vaccines

Immunotherapy is a type of treatment that aims to modulate the immune system to control a disease.
In the case of PDAC, immunotherapy uses various means to target and eliminate tumor cells.
Immunotherapy has many advantages over radiation and chemotherapy because it has fewer harmful
side effects.>®® In addition, it is selective towards tumor cells.3*3” This results in good patient
tolerability. As mentioned in the introduction, there are several types of immunotherapies:

Monoclonal antibodies (mAbs)'?®> bind specific tumor antigens and mark the tumor cell for
elimination.

Immune checkpoint inhibitors (ICIs)®%” block regulatory checkpoint proteins of the immune
response, preventing downregulation and thus maintaining the strength of the immune response.

T-cell transfer (CART)®2'?’, or immune cell therapy, relies on treating the patient with his or her own
T- cells, which are collected and expanded in the laboratory before being reintroduced into the
patient's body to directly eliminate cancer cells.

RNA therapy'® can promote the expression of pro-inflammatory cytokines or directly suppress the
expression of oncogenes.

Cancer vaccines®28® aim to train the patient's immune system to recognize and attack cancer cells by

targeting specific antigen epitopes on tumor cells. The goal is to generate TILs that can reach and
penetrate the tumor to exert this cytotoxic effect. They can be based on peptides or protein antigens.

Of these alternatives, mAbs and T-cell therapy are slow and expensive to produce. ICIs have not shown
good results in pancreatic cancer in a sufficient number of patients. An mRNA vaccine has shown
promising results, but only in a very limited trial.® In several conducted studies, peptide/protein-based
vaccination strategies have been established to yield antigen-specific immune responses in patients
with PDAC.®¥2° Thus, peptide-based cancer vaccines remain a good avenue of PDAC treatment
research.

However, despite their good initial results and positive immune responses in early phase trials, many
vaccines that have advanced to Phase Il trials including TeloVac (anti-telomerase), PrimoVax (anti-
telomerase), PANVAC-V (anti-CEA and anti-MUC1) and algenpantucel-L (against two allogeneic PDAC
cell lines) failed to show significant clinical results.?%:

Therefore, it is necessary to perform adequate selection, design and synthesis of its antigenic
components so that initial good immune responses can be maintained all the way throughout clinical
trials.
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1.1.3 Selection of antigens for a peptide-based PDAC vaccine

To overcome the problem of poor immune recognition of PDACs, researchers have explored various
vaccine therapies to enhance antigen presentation and tumor-specific T-cell activation®7° as a way to
induce a new response or boost existing immune responses. Strategies targeting PDAC-associated
antigens, such as telomerase®'%, K-Ras,'?°132, MUC18%1%°, and mesothelin!**137 have included
peptide-based vaccines, virus-based vaccines, DNA-based vaccines (neoantigens), and cell-based
vaccines.®

The lack of success of candidates that reach Phase Ill trials can be explained by the nature of the tumor
and its microenvironment. PDAC is a complex and heterogeneous tumor, which makes its antigenic
profile very diverse. First, the tumor supports a mechanical barrier.83 But more importantly, it recruits
immune cells with down-regulating functions during development.®® This results in a highly
immunosuppressive environment in which the tumor can thrive without interference from the
immune system. It is therefore critical to enhance the response by appropriately selecting, modifying
and presenting antigens in the most optimized manner to generate a potent and durable immune
response that overcomes the low immunogenicity of the tumor and the immunosuppressive TME.

Choosing the appropriate targets for immunization is crucial. There are some markers in PDAC tumor
cells that are more commonly reported in the literature. One such surface antigen is mesothelin
(MLSN), a 40 kDa protein with proposed functions related to proliferation, growth, and adhesion
signaling.’3®> Mesothelin is a tumor differentiation antigen, which is highly expressed in several solid
neoplasms, including pancreatic, ovarian, and lung cancer and non-solid ones like hematologic
cancers.’3135 Dye to its selective expression on malignant cells and on only a limited nhumber of
healthy tissues it has become an interesting candidate for a therapeutic target. A second such
candidate is K-Ras, a GTPase that transduces signals from cell surface receptors to cytoplasmic
signaling effector proteins, such as mitogen-activated protein kinase (MAPK) and phosphoinositide 3-
kinase (PI13K), and is thus also associated with to mitogenic stimuli.?*! In addition to overexpression of
the wild-type K-Ras protein, PDAC often has a neoantigenic form (G12D mutation) and thus can act as
both a broad antigen target and as a specific tumor marker by synthesizing the target sequence with
a simple amino acid switch. 39132 Qther targets include six short sequences that comprise a formulated
vaccine named OCV-C01.1%® This formulation includes some TAAs and, more interestingly, also targets
the VEGFR-1 and -2 proteins, which are related to angiogenesis, and consequently vascularization of
the tumor. So, the goal is to also target the tumor microenvironment and not just the tumor cells.

1.1.4 Types of antigens for peptide vaccine components. Limitations and solutions

A cancer vaccine must be formulated to target either self-antigens overexpressed in the tumor cell
called tumor-associated antigen (TAA)® or mutated surface proteins specific to the tumor called
tumor-specific antigen or neoantigen (TSA).8%%° The limitation with TAAs is the low immunogenicity of
self-antigens. While with TSAs for the PDAC tumor the mutation frequency is low, compared to other
types of cancer, such as lung cancer. Such low levels of mutated proteins on the surface of cells means
that the immune response that is generated against them is essentially ineffective.®® Furthermore, in
both cases, the antigenic profile of tumor cells can change over time until an initially successful vaccine
becomes obsolete and tumor growth resumes.% Several strategies have been explored to overcome
these problems and ensure the vaccine efficacy.

1.1.4.1 N-terminal modifications to improve immunogenicity

First-line solutions include formulation improvements. For example, the use of appropriate human
compatible potent adjuvants, for instance, is a must.’®® However, the modification of the peptide
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component is one of the most explored strategies to modulate its antigenicity, and usually this
modification is placed at the N-terminus of the peptide.

One such example is acylation of the N-terminus with a fatty acid. It has been reported that
palmitoylation (C16) increases the immunogenicity of peptides!®®!*! although the mechanisms by
which this occurs are not very clear, with some proposing a TLR-4 dependent pathway!*! and others
and suggesting improved presentation via an endocytic-independent pathway.*® Other fatty acids
have been used for similar purposes with varying results, some positive, some negative, depending on
the length and position of the modification.*

PEGylation is another commonly used N-terminus modification for therapeutic peptides and
proteins.*? This modification is straightforward and aims to increase the half-life of the peptide by
increasing its hydrodynamic radius, thereby protecting it from degradation and reducing its renal
clearance. PEG moieties are also non-immunogenic in most cases.#?

1.1.4.2 Mode of presentation to improve immunogenicity

In addition to direct modifications, another option is to construct chimeric peptides carrying 2 or more
epitopes, from the same or different antigens, and capable of binding either MHC | or MHC Il, so that
antigen presentation can activate both a Th CD4+ and a Tc CD8+ response. On paper, this allows for a
more durable sequence with respect to enzymatic degradation due to its length, capable of presenting
a combined multi-targeting scheme that activates multiple key immunological response pathways.

Another option is to generate a multiple antigenic peptide (MAP), which is used as a vaccine
component to induce immunoglobulin production®°>'%3, instead of a linear antigenic peptide. MAPs
are advantageous over linear peptide antigens because of their high molar ratio, which in some cases
approaches the size and potency of proteins.®* This overcomes the low immunogenicity of some single
epitope peptides and eliminates the need to conjugate these peptides to carrier proteins. In addition,
MAPs present multiple copies of the antigenic peptides because they consist of a branched scaffold
based on a lysine core that can be used to anchor multiple identical or different peptide sequences
(<8). MAPs can be produced in their entirety by linear solid-phase peptide synthesis (SPPS), or the core
and peptides can be produced separately by SPPS and then condensed by chemical ligation.” The latter
strategy is preferred because it allows rapid assembly of MAPs, avoids amino acid deletions due to
increased steric hindrance, and the possibility of aggregation in the branched structure. Crucially,
chemical ligation can allow the integration of different peptide sequences and/or chromophores or
other molecules of interest for targeting and delivery.

The design of peptide vaccine components proposed in this study includes both single epitope
peptides, linear multiple epitope peptides, and multiple antigen peptides (MAPs). This design includes
peptides containing more than one epitope, such as a chimeric construct with a cathepsin-like cleavage
Lys-Lys motif** for lysosomal processing and subsequent presentation by antigen presenting cells
(APCs). The design and selection of peptide epitopes and their modifications then follow a logic of
multi-pathway enhanced activation of the immune response, both Th CD4+ and Tc CD8+ lymphocytes
that can target and eliminate the tumor cells. In this work, MHC | epitopes were combined with the
MHC Il epitope of tetanus toxoid. Tetanus toxoid is a peptide sequence that has been used and
reported to induce immune responses by priming the Th-dependent pathway.4>14

1.1.4.3 Advantages and limitations in the production of peptide vaccine components

Peptide components are a class of compounds that represent a compromise between the specificity
and biocompatibility of macromolecules, such as proteins and nucleic acids, and the relative ease and
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lower cost of design and production associated with small organic molecules, making them a robust
alternative for many bio-applications, including vaccines'?>'471%8 Solid phase peptide synthesis (SPPS)
has become the go-to strategy for the production of peptide components since its introduction,
because it is a technique that combines some very solid, well-studied chemistry on amide bond
formation strategies with a surprising degree of adaptability that has allowed for continuous
improvement over the decades. This is evidenced by an ever-expanding array of solid supports,
reagents, and solvents that address minimization of side reactions, speed of reaction, purity of
intermediate and final products, ability to produce long and short sequences, and, more recently, more
environmentally friendly methods.'* In addition, the peptide itself is a highly modular molecule, and
residues can be substituted as needed, not only within the 20 standard amino acids, but also with
other non-conventional or even non-natural amino acids. In addition, non-amino acidic modifications
can be easily introduced. Thus, the variety of modified products that can be obtained is a very
attractive feature of the peptide synthesis process.

However, long peptide sequences in general can be challenging, especially if they contain numerous
hydrophobic residues.’®**>! When finding these types of sequences, it is critical to optimize the entire
synthetic process to obtain the product with the highest possible purity and yield. From the resin
selection to the identification of difficult couplings, the synthetic process requires constant monitoring
and modulation, which is fortunately where SPPS excels.

1.1.5 Poly(lactic-co-glycolic) acid nanoparticles (PLGA-NP) as a vaccine delivery system

The success of a vaccine depends on the appropriate delivery of the active peptide component. A well-
known delivery system, poly(lactic-co-glycolic) acid nanoparticles (PLGA-NP), was chosen for this
purpose. PLGA is a polymer with attractive properties for use as a delivery platform, such as
biocompatibility, hydrophilicity, low potential toxicity, and it is readily biodegradable. PLGA-NP can
enter cells through pinocytosis and clathrin-mediated endocytosis, allowing for well-tuned and
controlled drug release.!®

PGLA-NP can be prepared by various formulation techniques such as emulsification, nanoprecipitation,
dialysis, or spray drying. Emulsification (Figure 1.4, A) is the most commonly used method for
nanoparticle production, in which the drug and polymer are dissolved in an organic solvent and then
mixed with an aqueous solution containing a surfactant. The mixture is homogenized, and the solvent
is evaporated to collect the final nanoformulation.
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Figure 1.4 Methods of production of PLGA nanoparticles: A: emulsification, B: salting out, C: dialysis and D: spray
drying (adapted from S. Rezvantalab et al., PLGA-based nanoparticles in cancer treatment. Front. Pharm. 2018,
9, 1260.
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Upon degradation of PLGA, the monomers enter normal metabolic pathways, culminating in their
elimination as water and carbon dioxide, which explains their minimal systemic toxicity.}*52|n cancer
treatment research, coating PLGA with chitosan may improve the targeting and delivery of NPs to the
tumor site. Chitosan is a known CD44 ligand and thus targets cancer stem cells, which can facilitate
penetration of the tumor microenvironment, and like PLGA, is biocompatible and biodegradable.'®!

PLGA-NPs are excellent candidates for anticancer drug delivery due to their increased permeability and
retention, as well as their ability to carry targeting molecules on their surface, which promotes drug
release in the tumor and minimizes the deleterious off-target side effects that these drugs typically
have.®® The same is true for a PGLA-based nano-vaccine, as it will consist of a formulation that can
carry the immunogenic peptides and adjuvants and deliver them to APCs at the site of injection.
Crucially, it is an FDA-approved compound, and this fact makes it a preferred platform for nanovaccine
formulations.® In addition to the formulation of adjuvants, the incorporation of nanoparticles aims to
achieve the best possible result in delivering the active agent to the site of action, protecting its cargo
from degradation and generating a strong and tumor-selective or even tumor-specific immune
response.

1.2 Results and Discussion

1.2.1 Design

For the present work, epitope sequences were selected from the proteins mesothelin (MLSN), Kirsten
rat sarcoma virus (K-Ras), tetanus toxoid (TT), and peptides formulated in the OCV-CO1 anticancer
vaccine. The selected epitopes were predicted to induce an immune response using publicly available
epitope prediction servers’>*>* namely SYFPEITHI*>> and BIMAS®®, as well as consideration of existing
literature (Table 1.1).

Table 1.1 peptide constructs synthesized for a PDAC nanovaccine candidate.

Epitope Sequence Construction
MSLN1 PLTVAEVQKLLGPHV
MSLN2 ALPLDLLLFL Tumor-associated antigen
MSLN3 SLLFLLFSL
MSLN4 PLTVAEVQKLLGPHVKKALPLDLLLFLKKSLLFLLFSL C:‘;’:;izhcgrc”a?r;;fimﬁtgi’chfenai:gszggis
™ QYIKANSKFIGITEL T-Cell epitope
K-Rasl MTEYKLVVVGAGGVGKSALTIQLIQ Tumor-associated antigen
K-Ras2 MTEYKLVVVGADGVGKSALTIQLIQ Neoantigen
K-Ras3 MTEYKLVVVGAGGVGKSALTIQLIQKKQYIKANSKFIGITEL Chimera combining K-Ras 1 and TT epitope
K-Ras4 MTEYKLVVVGADGVGKSALTIQLIQKKQYIKANSKFIGITEL through a cathepsin-like KK cleavage motif
ocvi KVYLRVRPLL
0OCVv2 SYGVLLWEI Tumor-associated antigen
ocv3 RFVPDGNRI
ocva KVYLRVRPLLKKSYGVLLWEIKKRFVPDGNRI Chimera combining epitopes OCV1, 2 and 3

through a cathepsin-like KK cleavage motif
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The mesothelin epitopes were synthesized in different formats: Single epitopes (MSLN1, MSLN2, and
MSLN3), a linear multiepitope (MSLN4) combining the three single epitopes, and an attempt at a
multimodal multivalent (MAP). These peptides were also synthesized with an unmodified,
palmitoylated or PEGylated N-terminus. Similarly, OCV epitopes were synthesized in two formats, as
single epitopes (OCV1, OCV2, and OCV3) and as a linear multiepitope (OCV4) combining the three
single epitopes. Finally, the K-Ras epitopes were also synthesized in two formats, the single epitopes
(K-Ras1 and K-Ras2) and hybrid linear multiepitope peptides combining a K-Ras epitope with the
tetanus toxoid epitope (K-Ras3 and K-Ras4). All these forms of presentation are aimed at increasing
the immunogenicity of the potential nanovaccine formulation.

1.2.2 Synthesis of the different peptide vaccine components

To produce the peptide sequences selected and designed sequences a Solid Phase Peptide Synthesis
(SPPS) protocol was followed®! following a standard Fmoc/tBu protection scheme®? and microwave-
assisted/automated approaches were applied for the synthesis of some peptides.

The use of Tentagel (PEG-PS) or PEG-based resins of low loading and high-swelling capacity for the
synthesis of these peptides was deemed the preferable choice. The reasoning behind this choice is
multi-factorial: 1) The generally hydrophobic nature of the sequences, with repetitive hydrophobic
motifs, which makes them prone to in-resin aggregation and thus to deletions.?*®5%157 2) |t is noted
that the presence in most of these of B-branched amino acids (lle, Thr and Val), sometimes in repetitive
segments, makes sequential couplings difficult due to a sterically hindered substituent near the
carboxyl group.®® 3) The intrinsic propensity of some of the sequences to aggregation, which
complicates both synthesis and purification. 4) The length of some antigenic peptides as the chimeric
constructs (38 to 42 residues). This is not difficult to understand, as if each coupling reaction is carried
out to 99.0% or 99.9% completion, the remaining 0.1% or 1% accumulates over time, increasing with
each consecutive coupling. The more couplings are needed to finish a synthetic peptide, the lower the
yield and the greater the chance of deletions and truncated sequences. This issue is further
complicated by all the previously mentioned problems.

Microwave-assisted automated synthesis in Liberty Blue™ equipment (CEM Corp., USA) is faster and
allows easier scale-up, and while it is always necessary to fine-tune methods, it is the best overall
strategy for the synthesis of practically all the antigenic peptides designed.

1.2.2.1 Synthesis of Mesothelin (MSLN) peptides

Mesothelin epitopes frequently reported as immunogens in PDAC phenotypes were selected and
synthesized in a 0.1 mmol scale. Three small epitopes, MSLN1, 2 and 3 were synthesized individually
with free N-terminus amine or PEGylated and palmitoylated at this position. A multiepitope linear
peptide, MSLN4, was also synthesized combining MSLN1, 2 and 3 in a single sequence. These epitopes
were joined by a cathepsin-like KK cleavage motif. MSLN4 was also synthesized with its N-terminus
position as free amine, PEGylated or palmitoylated, to compare their capacity for activating an immune
response in a murine model and prove the validity of these modifications.

All peptides were synthesized automatically using a Fmoc Rink Amide ProTide LL resin (0.18 mmol/g
loading, 100-200 mesh). PEGylation and palmitoylation steps were performed manually using
monodisperse Fmoc-PEG,; -propionic acid and palmitic acid, respectively. Once the peptides were
cleaved form from the resin, theircrudes were characterized HPLC and LC-MS and purified by semi
preparative HPLC. The crude yield and recovery of the synthesized peptides are summarized in Table
1.2.
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The results of the analysis of the crude peptides show an erratic synthetic performance. For example,
all palmitoylated peptides showed lower yields and recoveries compared to amine free and PEGylated
peptide versions.

Table 1.2 Summary of yield, purity, and solubility of synthesized MSLN peptides

% Crude % Crude % Final

Epitope ID N-terminal MW (Da) Purity Yield? Purity % Recovery®
P1 NH2- 1599.9 84 67 100 37
MSLN1 P2 PEG23-NH- 2728.3 81 68 100 24
P3 Palmitoyl-NH- 1838.4 83 38 95 22
P4 NH:- 1126.5 82 78 99 61
MSLN2 P5 PEG23-NH- 2254.8 86 63 96 70
P6 Palmitoyl-NH- 1364.9 76 55 99 23
P7 NH2- 1051.3 56 33 95 11
MSLN3 P8 PEG23-NH- 2179.7 55 40 95 33
P9 Palmitoyl-NH- 1289.8 75 27 98 47
P10 NHa2- 4256.4 71 41 73¢ 19
MSLN4 P11 PEG23-NH- 5384.7 81 56 100 36
P12 Palmitoyl-NH- 4494.8 57 28 97 53

2% yield = (crude mmol x crude purity) / (theoretical mmol)
b% recovery = (purified mmol x purified purity) / (crude mmol x crude purity) x 100

¢Cannot be purified to more than 90% due to a des-Leu impurity. Gelates in water/acetonitrile at high
concentrations

Since the automated peptide synthesis process for the same base sequence is the same up to the final
modification of the N-terminus, the variation in yield of the peptide can be explained in relation to the
N-terminal modification and its effect in the efficiency of the cleavage from the solid support and/or
the following work-up. It is not too plausible to think that cleavage from the resin is particularly
different among the variants as the acydolysis treatment used in the peptide cleavage is an optimized
process. Therefore, these results may be attributed to the work-up after cleavage and more specifically,
to the precipitation in cold diethyl ether. Palmitoylated peptides show a markedly increased
hydrophobicity which can cause incomplete precipitation in diethyl ether unless TFA is removed by
evaporation first. This requirement is not common for most cleaved synthetic peptides, which normally
precipitate readily in cold diethyl ether. Therefore, the lower yields observed are most likely explained
by losses of the peptide in the diethyl ether precipitation and also in the subsequent washes.
Moreover, it is worth noting that the sequences themselves exhibit high hydrophobicity, as indicated
by their negative hydrophilicity scores (Table 1.3). Specifically, the base sequences of MSLN 2, MSLN
3, and MSLN 4 are predominantly composed of 66-90% of hydrophobic amino acid residues (Table
1.3). This makes precipitation challenging even in the absence of fatty acids, as we observed in situ.
This problem is a hallmark of hydrophobic peptides whereas most peptides carry enough polar and
charged residues to not be semi-solvated by diethyl ether and thus can precipitate. It is clear that the
palmitoyl moiety increased the hydrophobicity of the sequence and made it more difficult for these
peptides to fully precipitate in diethyl ether when TFA is present, because it is an excellent solvent for
peptides. If the TFA is evaporated prior to the precipitation step, this process is improved, but the
subsequent washes with diethyl ether are still a likely source of product loss.
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Table 1.3 Hydrophobicity of mesothelin epitopes.

% Hydrophobic Hydrophilicity

Epitope Sequence Length residues® Score®
MSLN1 PLTVAEVQKLLGPHV 15 60 -0.34
MSLN2 ALPLDLLLFL 10 90 -1.08
MSLN3 SLLFLLFSL 9 78 -1.49
MSLN4  PLTVAEVQKLLGPHVKKALPLDLLLFLKKSLLFLLFSL 38 66 -0.46

2Peptide relative hydrophobicity (% hydrophobic residues) was calculated using: peptide2.com hydrophobicity
calculator

PHydrophilicity scores calculated via the BACHEM peptide calculator tool
(https://www.bachem.com/knowledge-center/peptide-calculator/).

Another issue that we found during cleavage, when characterizing the crude product is the propensity
of the MSLN3 and MSLN4 peptides to undergo trifluoroacetylation when the amine is not capped. This
is noted as a +96 Da impurity that can be prominent. A direct modification of this amine can be thought
of, although it is very unlikely that this will happen in the very acidic environment provided by TFA.
Other possible residues that can be trifluoroacetylated are the Ser and Thr residues® as these are
present in the MSLN3 and MSLN4 peptides that underwent this modification, although it is unclear to
us why this happens when the N-terminal amine is not capped. Optimizing the cleavage and reducing
exposure times to TFA to the minimum required for all protecting groups to be removed while
minimizing the amount of trifluoroacetylation is a step that must be taken should any of the MSLN3
or MSLN4 peptide prove biologically relevant.

A final performance behavior to note is that recovery of palmitoylated peptides is higher for MSLN3
and MLSN4, despite the initial low yields of the crude products, compared to the non-palmitoylated
peptides. In the case of MSLN3, this is mainly due to the higher purity of the P9 crude, perhaps due to
the absence of the +96 Da impurity, while for MSLN 4 the impurities of P12 are spread widely across
the gradient and are thus more easily resolved (Figure 1.5, E). While the overall purity is lower for P12
than for P10 and P11, this distribution facilitates the purification. This is not the case for P10 and P11,
in which we observe most of the impurities overlapping with the main peak. This leads to sacrificing
more of the desired product as perfect resolution of impurities close to the product peak is not
possible.

These results can be explained by various causes: first, PEGylated peptides generate sharper
chromatographic peaks, whereas both the palmitoylated and unmodified versions have more
triangular and wider, dragging peaks. This affects resolution, especially in semi-preparative scales,
which means that collecting less of the peak is necessary to maintain adequate purities, which in turn
results in the loss of more product in exchange for higher purity. For MSLN 4, the increased retention
in the column of the unmodified sequence P10 shown as these “dragging” peaks is less affected by
PEG2s, yet PEGylation proves adequate for obtaining a pure product P11. In fact, for the unmodified
MSLN4 P11 peptide a des-Leu impurity (amongst others), present in the long MSLN 4 sequence, could
not even be resolved and we were unable to obtain a purified peptide P10. This is the only instance
for the MSLN peptides that a product could not be purified in a single step. At best, we improved the
purity from 71 to 73%.

The second variable is hydrophobicity. The PEG moiety has a greater effect on the solubility, for
example, of the MSLN2 peptide P4 than for the more hydrophilic sequence MSLN1 P1, in which the
effect is even reversed as P2 has a marginally longer retention time in a Cis stationary phase.
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Hydrophobic sequences are retained in the column due to stronger interactions with the hydrocarbon
chain of the stationary phase, which was clearly seen in all cases of palmitoylated peptides, which
require more aggressive organic solvent gradients to elute. As an example, peptide P6 elutes in an 80-
100% acetonitrile gradient while P9 elutes in a 90-100% acetonitrile gradient, both in a Cg stationary
phase. This is a clear indication of how much the palmitoyl moiety has increased the overall
hydrophobicity of the sequences. In contrast the hydrophilic PEG moiety favors improved solvation in
the mobile phase. The third variable is size. The shorter MSLN 2 peptide P4 is more affected by
PEGylation as seen for peptide P5 and by palmitoylation as seen in P6. The recovery of P4 is greatly
increased compared to a longer sequence like MSLN 4 P10 and P12, in which the effect is lessened.

Overall, all peptides were obtained in the minimum required amounts by the LUMC group of at least
20 mg of product with purity 2 95%, except for P3, P6, P7 and P9, of which less amount was obtained
while P10 could not be purified to 95% in a single step. Additionally, the multiepitope presentation of
P12 in a MAP construct was attempted without success.
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Figure 1.5 RP-HPLC of crude and pure MSLN4 multiepitope peptides A and B: free-N-terminal amine, C and D:
PEGylated, and E and F: palmitoylated using gradients of 5-100% B at r.t. in a C1s column (A-D) or 50-100% B at
60°C in a Cs column (E and F) (A: H20 + TFA 0.045%, B: CHsCN + TFA 0.036%).
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1.2.2.2 Synthesis tetanus toxoid (TT) peptides

The tetanus toxoid sequence was selected as an MHC class II-binding epitope with reported activity
and use spanning decades. It is intended to be used in a mix with some MHC class I-binding epitopes
produced in this work, as well as in a multiepitope peptide for K-Ras constructs (see section 3.2.2.4)
with the goal of activating CD4+ helper T cell pathways in addition to the CD8+ cytotoxic T cell effectors
to produce a string and durable immune reponse. This peptide was synthesized in a 0.1 mmol scale as
a free peptide and as a PEGylated peptide. No palmitoylation was introduced because unlike MHC class
I-binding peptides, this is a known strong immunogen.

TT peptides, due to their hydrophilicity and relatively small size showed good synthetic performance
with crude purities above 85% and relatively easy purification towards values above 95% (Table 1.4
and Figure 1.6). We did, however note that the PEGylated peptide has markedly improved recovery
(89%) compared to the free peptide (19%), and this is likely due to increased affinity of the PEG moiety
with the aqueous solvents of the mobile phase and decreased interaction with the C;5 stationary phase
during semi-preparative purification.

Table 1.4 Summary of yield and purity of tetanus toxoid peptides.

% Crude % Crude % Final

. ~ . o, b
Epitope ID N-terminal MW (Da) Purity Yield? Purity % Recovery
P13 NH2- 1724 87 59 97 19
T
P14 H-PEG23-NH- 2852.4 85 66 100 89

3% yield = (crude mmol x crude purity) / (theoretical mmol)

b% recovery = (purified mmol x purified purity) / (crude mmol x crude purity) x 100

A P14 PEG-TT peptide crude B P14 PEG-TT peptide pure
[) 0,60
: .
0,257 1 3
0,50 “
0,20] b 1 |
3 0,40]
0,151 5 ™
‘ ]
o 010 ‘\ 2 030
< | <]
e 3 1
0,05 1o 1
[ “'2- o I 020
W — 0w e 1
0,00— ‘\V,-‘\ L— — — ~ 1
0,05 0,101 @
4 ©
] , =3 -
0,10 000t — e —— - —
000 100 200 300 400 500 600 7,00 800 900 1000 1100 1200 000 100 200 300 400 500 600 7,00 800 900 1000 1100 12,00
Minutes Minutes

Figure 1.6 RP-HPLC of crude and pure PEGylated TT peptide using a gradient of 10-70% B at r.t. in a C1g column
(A: H20 + TFA 0.045%, B: CH3CN + TFA 0.036%).

1.2.2.3 Synthesis of peptides derived from the OCV-C01 vaccine

The OCV peptides 1 to 4 are immunogenic components of the OCV-CO1 cancer vaccine®®®, which is

administered to PDAC patients following surgical resection of the tumor in combination with
gemcitabine and has been shown to increase disease-free survival over 18 months. This vaccine targets
the antigens Kinesin-like protein (KIF20A), Vascular Endothelial Growth Factor Receptor 1 (VEGFR1)
and 2 (VEGFR2) which are associated with angiogenesis and thus tumor vascularization. Therefore, this
vaccine directly targets the tumor microenvironment.

OCV peptides were synthesized as three single epitopes, OCV1, OCV2 and OCV3, one for each of these
proteins KIF20A, VEGFR1 and VEGFR2 and as a multiepitope peptide chimera, OCV4, with the three
epitopes linked by a KK cathepsin-like cleavage site. All peptides have an unmodified N-terminus.
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Table 1.5 Summary of yield and purity of OCV-CO1 vaccine peptides.

% Crude % Crude % Final

Epitope ID N-terminal MW (Da) Purity Yield? Purity % Recovery®
oCv1i P15 NH»- 1255.6 94 68 100 48
0oCv2 P16 NH»- 1078.3 65 45 100 58
ocv3 P17 NH2- 1072.2 82 51 98 36
ocv4a P18 NH2- 3884.8 82 34 100 11

3% yield = (crude mmol x crude purity) / (theoretical mmol)

b% recovery = (purified mmol x purified purity) / (crude mmol x crude purity) x 100

OCV peptides did not show major synthetic difficulty. They are short and manageable, and they were
produced by microwave-assisted automated synthesis. A single point of observation is the presence of
a DG motif in P17 and P18, in which the glycine residue must be introduced as a protected Fmoc-
(Dmb)Gly-OH building block to minimize the aspartimide secondary reaction. The Dmb
(dymethyloxybenzyl) is an acid labile protecting group introduced on the a—amine of the glycine to
minimize the reaction of this nitrogen with the side chain of the aspartic acid.

In this regard, crude purities were generally good, ranging from 82 to 94% except for P16 (OCV2), which
showed a purity of 65% (Table 1.5). Recoveries after purification approach 40-50% in all cases except
for the multiepitope P18 peptide (OCV4). The recovery for this peptide was 11% which means a great
amount is lost during purification. Figure 1.7 shows the chromatographic characterization of these
peptides.
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Figure 1.7 RP-HPLC of crude and pure OCV-CO1 single epitope peptides A and B: OCV1 C and D: OCV2, E and F:
OCV3 and the multiepitope peptide G and H: OCV4 using gradients of 5-100% B at r.t. (A, C, E, G and H) or 5-70%
B atr.t. (B, D, and F) in a Cig column (A: H20 + TFA 0.045%, B: CH3CN + TFA 0.036%).

1.2.2.4 Synthesis of K-Ras peptides: an example of a complicated peptide synthesis

A reported 25-mer epitope from the K-Ras protein was selected and synthesized both in its wild-type
form and its neoantigenic form which carries a single point G12D mutation. These epitopes were
palmitoylated to increase their immunogenicity. Two chimera constructs were also synthesized
combining each epitope with the tetanus toxoid MHC ll-binding epitope, linked by a cathepsin-like KK
cleavage motif and palmitoylated at the N-terminus.

These peptides were synthesized using a microwave-assisted automated strategy following standard
protocols. In the case of K-Ras2 and K-Ras4, both of which contain the G12D mutation producing a DG
motif, glycine was introduced as Fmoc-(Dmb)Gly-OH. This protected amino acid minimizes the
formation of the aspartimide secondary reaction characteristic of the DG motif.

The first approach for the synthesis of these peptides yielded crudes with low purity, especially for the
longer peptides (Table 1.6, 1** S).

Table 1.6 Summary of yield and purity of crude K-Ras peptides in the first (1 S) and second synthesis (2™ S)

%Purity %Yield %Purity %Yield

Epitope ID N-terminal MW (Da) 1S 15t g2 Jnd g gnd ga
K-Ras1 P19 Palm-NH- 2813.6 73 32 84 37
K-Ras2 P20 Palm-NH- 2871.6 71 26 77 28
K-Ras3 P21 Palm-NH- 4776.9 39 25 24 16
K-Ras4 P22 Palm-NH- 4834.9 51 40 56 44

2% yield = (crude mmol x crude purity) / (theoretical mmol)
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Furthermore, in K-Ras3 and K-Ras4 peptides a noticeable Glu3 deletion was observed and subsequent
Metl and Thr2 deletions at the N-terminus. Finally, Gly, Val and Lys deletions were also observed and
due to their frequency in the sequence we could not determine where these occur. Overall, these
sequences were shown to be synthetically challenging. Therefore, a second synthetic approach was
designed where during the elongation process the synthesis was stopped every 10 residues and its
quality was checked by analysis of a small aliquot of peptide-resin cleaved. The idea was to determine
the conflictive residue couplings on each peptide fragment. As an example, it was detected that the
incorporation of Vall4 (fragment 3) and Glu3 (fragment 4) were not complete using the standard
coupling protocol (Figure 1.8).
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Figure 1.8 The checkpoint methodology for the screening of the synthetic peptide K-Ras 4.
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This problem was solved by introducing double couplings in all observed problematic couplings, a
longer coupling was introduced in the last five residues and a triple coupling for the Glu3 position. The
results of the optimized synthesis are shown in Table 1.6 in the columns indicated as second synthesis
(2mds).

Figure 1.8 shows the HPLC traces of the peptide fragments associated to the quality check points of
the final synthesis of KRas4 (G12D neoantigen chimera). Despite this synthesis being already optimized
at several residues along the sequence, the HPLC analysis of the different peptide quality check points
allowed to still identify the most problematic peptide sections.

In addition to this checkpoint approach, we also decided on a split batch strategy for the synthesis of
these peptides. This decision was based on the fact that both the single epitope peptides (K-Ras1 and
K-Ras2) and the multiepitope peptides (K-Ras3 and K-Ras4) differ from one another only in the 12t
position (G12D mutation) and consequently each pair can be synthesized as one peptide up to the
point of divergence, located at the DG motif (12" and 13 positions) from which then the synthesis of
each peptide is completed separately. Therefore, K-Ras1 and 2 were synthesized as one peptide from
GIn25 up to Vall4, after which the batch was split, and the synthesis was continued separately. K-Ras
1 continued coupling Gly13 and Gly12 normally, while K-Ras 2 continued coupling Gly13 as a Fmoc-
(Dmb)Gly-OH and then coupling Asp12. The exact same process was repeated for the K-Ras 3 and K-
Ras 4 pair. This strategy is visualized in Figure 1.9. Each parent pro-peptide and the resulting peptides
were synthesized using the checkpoint methodology.

| crost R PRI MTEVKENVGA 5 |

-~ D
S ——

VGKSALTIQLIOKKQYIKANSKFIGITEL }

« Do

VGKSALTIQLIQ I

Figure 1.9 The split batch methodology for the second synthesis of K-Ras peptides.

We observed that as the synthesis progressed, the purity of the peptide remained in the 70-80% range
once Gly13 was introduced (Table 1.7), and then decreased to 24-60% at the end of the sequences.
This fragment/section of these peptides requires careful and thorough synthesis, and the checkpoint
method is a useful and sensible approach to optimize the synthesis of long peptide sequences with an
automated synthesizer, significantly reducing production times. Table 1.7 summarizes the purities
obtained at each checkpoint.

Table 1.7 Summary purities for the second synthesis of K-Ras peptides at each checkpoint.

%Purity  %Purity %Purity %Purity

Checkpoint  N-terminal '\ b1 KRas2  KRas3  K-Rasd
Asn33 Fmoc-NH- - 72
Leu23 Fmoc-NH- - 85
Gly13 Fmoc-NH- 80 81
Glu3 Fmoc-NH- 75 91 42 60
Final Product Palm-NH 84 77 24 56
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The K-Ras 3 and K-Ras 4 peptides are indeed the most difficult sequences to produce. Both showed
synthetic problems as well as problems with purification and isolation by semi-preparative HPLC. They
also showed low solubility in agueous solvents and DMSO at the high concentrations required for bulk
purification, and solubilization was therefore limited to TFA. Furthermore, the recovery of fractions
after attempted purifications was not greater than 5%, and in the best cases the purity achieved for
only one peptide was in the 90% range (Figure 1.10). These problems can be explained by the
concentration of hydrophobic residues in the N-terminal part of these peptides and the presence of a
palmitoyl moiety at the N-terminal position, which probably leads to an aggregation of these
molecules. This leads to increased retention even on a C8 column, which affects the recovery and
interferes with the separation process, as the product and impurities are entrained and not properly
separated to achieve >90% purity.

However, it is noteworthy that one peptide of the family (KRas4) could be obtained in high purity,
although in small quantity. The synthesis protocol applied to this peptide yielded crudes with a purity
of about 56%, but its chromatographic profile was improved compared to previous attempts. The
application of this synthetic approach to peptides K-Ras1 and 2 yielded crudes with slightly improved
purity from 73% to 84% and from 71% to 77%, respectively. Despite the efforts to improve the
synthesis, the results were not sufficiently good, and the purification process remains the bottleneck,
and no fraction with a purity higher than 85% was obtained due to the complete loss of
chromatographic resolution in the semi-preparative equipment, probably related to the low solubility
of the peptides. Finally, K-Ras3 does not show any synthetic improvement. Due to the high
hydrophobicity of these peptides, several attempts were made to purify these crudes on a C8 and a C4
semi-prep column. However, none of these stationary phases helped to improve the purification.
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Figure 1.10 Characterization of the purified K-Ras4 (D!? chimera) P22 peptide. A: RP-HPLC using a 15-100%B
gradient in a Cs column (A: H20 + TFA 0.045%, B: CH3CN + TFA 0.036%). B: HPLC-MS of K-Ras4 (D2 chimera) using
a using a 15-100%B gradient in a Cs column (A: H20 + FA 0.1%, B: CH3CN + FA 0.07%).

The difference in the quality of the crude products obtained from the G12 chimera (K-Ras3) vs. the
D12 chimera (K-Ras4) (Figure 1.11) may also be clearly related to an aggregation problem. The use of
the protected glycine (Fmoc-(Dmb)Gly-OH) in the synthesis of the K-Ras4 peptide to avoid the
formation of aspartimide, which is common in DG motifs'>#15°, seems to improve the quality of this
peptide compared to K-Ras3. The Dmb group provides backbone protection and likely alters the
conformation of the linear peptide, disrupting cross-chain interactions that lead to in-resin
aggregation.’>®1% This effect improves the final crude product from 23% purity in the G12 chimera (K-
Ras3) to only 55% purity (K-Ras4).
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Figure 1.11 RP-HPLC for A: K-Ras 3 (G'2 chimera) and B: K-Ras 4 (D*? chimera) using a gradient used of 15-100%
B in a Cs column (A: H20 + TFA 0.045%, B: CH3CN + TFA 0.036%).

1.2.2.4.1 Synthesis of K-Ras peptides with N-terminal palmitoyl moiety introduced by thiol-
maleimide reaction.

Other strategies were explored to overcome the problems related to the high hydrophobicity of these
peptides. First, to facilitate the purification of the peptides, we decided to purify them before
introducing the palmitoyl moiety, which would then be introduced through a conjugation reaction. To
apply this strategy, the K-Ras peptides were modified with a 6-maleimidohexanoyl moiety at the N-
terminus and the palmitic acid was derivatized with a cysteine to generate the palmitoyl-L-Cys-OH
moiety. Once the peptide is purified, the palmitoyl thiolated moiety is introduced through a thiol-
maleimide reaction to produce the final compound shown in Figure 1.12.
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Figure 1.12 Three-step synthetic strategy for a modified K-Ras peptide. A: Synthesis of a Palmitoyl-L-cysteine, B:
Synthesis of a 6-maleimidohexanoyl-K-Ras peptide and C: Conjugation of both moieties to form the final
palmitoylated K-Ras peptide
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Our rationale was that the lack of a palmitoyl moiety would allow for easier purification with much
better yields. The addition of the palmitoyl moiety via a well-described Michael reaction between the
cysteine thiol and the maleimide groups would then provide the desired fatty acid modification. This
reaction should be fast, clean, and efficient enough to provide a final product that meets the
requirements for incorporation into nanoparticles without fundamentally altering the epitope.

These modified versions of the K-Ras family peptides with a 6-maleimidohexanoyl moiety at the N-
terminus were synthesized and purified by semi-preparative HPLC in a C;5 or Cg. Table 1.8 summarizes
the synthetic performance for these peptide crudes.

Table 1.8 Summary of yield and purity of crude K-Ras maleimide-hex peptides

Epitope ID N-terminal MW (Da) %Purity %Yield?
K-Rasl P23 6-malhex-NH- 2754.32 54 26
K-Ras2 P24 6-malhex-NH- 2812.32 71 30
K-Ras3 P25 6-malhex-NH- 4717.62 54 34
K-Ras4 P26 6-malhex-NH- 4775.72 40 27

3% yield = (crude mmol x crude purity) / (theoretical mmol)

In general, the purities of the products obtained are lower than those of the directly palmitoylated K-
Ras peptides. The exception is the K-Ras3 peptide, which has a better purity than its counterpart (54%
vs. 26%). However, when we tried to purify these peptides by semi-preparative RP-HPLC, we found the
same problems as for the palmitoylated K-Ras peptides: a complete loss of resolution and an
impossibility to obtain a fraction more than 80% pure. Furthermore, we had to rely on TFA as a solvent
for these peptides to be injected into the semi-preparative RP-HPLC, either H,O:CHsCN (1:1) or DMSO-
induced peptide gelation. This problem was also observed with the unmodified K-Ras peptides. Figure
1.13 shows the chromatographic traces for the modified K-Ras crude products.

Gelification seems to be an intrinsic problem of the KRas sequence, which is curiously avoided by
palmitoylation, although it further increases their hydrophobicity and decreases their solubility.
Indeed, an analysis using the AGGRESCAN tool (http://bioinf.uab.es/aggrescan/)** shows hotspots of
aggregation for all sequences over most of their length (Figure 1.14, A-D), confirming our suspicion.
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Figure 1.13 RP-HPLC for A: K-Ras 1, B: K-Ras 2, C: K-Ras 3 and D: K-Ras 4 modified with 6-maleimidohexanoic acid
in the N-terminal. Gradient used was 5-100% B in a Cis column (A: H20 + TFA 0.045%, B: CH3CN + TFA 0.036%).
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1.2.2.4.1 Synthesis of the K-Ras peptides by a convergent strategy

A convergent synthetic approach was also explored to minimize the problems associated with the
hydrophobicity of the K-Ras peptide sequences. This involves the separate synthesis of two or three
peptide sequence fragments, that are coupled together to generate the final K-Ras epitope. This
strategy may be particularly useful for the longer 42-mer sequences (K-Ras3 and K-Ras4). Considering
that K-Rasl and K-Ras2 are homologous sequences with a single point mutation at (G12D), these
peptide sequences were split into two fragments, Palm-[Met!-Val**]-COOH and NH-[Gly'*>-GIn?®]-
CONHjy, the latter being common to both epitopes. K-Ras3 and K-Ras4 are also homologous sequences
with of a single point mutation at the 12 residue (G12D), but both contain the tetanus toxoid epitope.
In this case the peptide sequence was split into three fragments Palm-[Met!-Val'*]-COOH, Fmoc-NH-
[Gly*>-GIn*]-COOH and NH,-[Lys?*-Leu®?]-CONH;, being the last two being common to K-Ras3 and K-
Ras4 (see Figure 1.15 and Table 1.9).

F1: Palm-NH-MTEYKLVVVGA GV-COOH | —_—
o

5 /' ~_,

¢ —

F3: H-GKSALTIQLIQ-CONH; /)&< @
S
F4: Fmoc-NH-GKSALTIQLIQ-CONH, )

Y
F5: H-KKQYIKANSKFIGITEL-CONH: —

Figure 1.15 Convergent synthetic strategy of K-Ras peptides using fragments.

Table 1.9 Fragment design for the synthesis of K-Ras peptide for a convergent strategy.

Fragment ID Sequence Resin
Palm-[Met!-Val*4]-COOH P27 Palm-NH-MT(tBu)E(tBu)Y(tBu)K(Boc)LVVVGAGGV-COOH HMPB
Palm-[Met*-Val*4]-COOH P28 Palm-NH-MT(tBu)E(tBu)Y(tBu)K(Boc)LVVVGAD(tBu)GV HMPB
NH.-[Gly*5-GIn?5]-CONH, P29 NH2-GK(Boc)S(tBu)ALT(tBu)IQ(Trt)LIQ(Trt)- CONH, Sieber

Fmoc-NH-[Gly!5-GIn?5]-COOH P30 Fmoc-NH-GK(Boc)S(tBu)ALT(tBu)IQ(Trt)LIQ(Trt)-COOH 2-CTC

NH,-K(Boc)K(Boc)Q(Boc)Y(tBu)IK(Boc)AN(Trt)S(tBu)K(Boc)

- 26_ 427,
NH-[Lys*>-Leu®?]-CONH, P31 FIGIT(tBu)E(tBu)L-CONH,

Sieber

The synthesis of each fragment requires different solid supports that are hypersensitive to acids
(capable of releasing peptides with 1% or 3% TFA in DCM), depending on the functionalization of the
C-terminus, which can yield fully protected fragments. Palm-[Met1-Val14]-COOH peptide fragments
were synthesized using the 4-(4-Hydroxymethyl-3-methoxyphenoxy)butyric acid (HMPB) Chemmatrix
resin (Figure 1.16, A), because this fragment contains the most problematic synthetic part of the
peptide due to its high hydrophobicity, presenting difficult couplings and prone to aggregation. This
selected solid support is tailored for these types of difficult sequences as it is a high swelling, low
loading resin with excellent reported performance.
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Figure 1.16 The three acid-hypersensitive solid supports used to synthesize fragments for the convergent
synthesis of the K-Ras peptides.

The peptide fragment, Fmoc-NH-[Gly**-GIn?*]-COOH was synthesized using the 2-chlorotrityl chloride
resin (2CTC) (Figure 1.16, B), because this sequence is less difficult. Finally, the C-terminal peptide
fragments, NH,-[Gly*>-GIn?*]-CONH; (for K-Ras1 and K-Ras2) and NH,-[Lys?®-Leu*?]-CONH, (for K-Ras3
and K-Ras4), were synthesized using the Sieber resin (Figure 1.16, C), which, when is treated with low
concentrations of acid produces fully protected peptides with an amide at the C-terminus. The
synthesis of the different fragments was done manually because, besides the 2-CTC resin, we were not
sure about the thermolability of the different solid supports used in the microwave-assisted peptide
synthesizer.

While the purity of the N-terminal fragments synthesized with the HMPB Chemmatrix resin was very
good, the fragments synthesized with the Sieber resin yielded highly impure peptides. All protected
fragments showed very low solubility in different solvents such as DCM, DMF and DMSO, and
consequently their purification was not possible even though different conditions and columns were
tested. An exploratory attempt to couple the fragments to generate K-Ras 4 was made using PyOAP
and HOAt as coupling reagents with unsuccessful results due to the low solubility of the fragments.

With all these results in hand, it seems that a redesign of the convergent approach to synthesize the
K-Ras peptides is necessary, which is beyond our current work. The problems to be solved here are to
obtain purer peptide fragments and to find a suitable solvent to carry out the reactions to complete
them. Ideally, a 90%> pure protected fragment must be produced that does not need to be purified.
This is not an impossible task, but it is expensive and time-consuming.

It is clear that the synthesis of the K-Ras peptide is challenging. Unmodified K-Ras 25-mer epitope was
commercially available and is offered at 85% purity for immunological assays. This is an indication that
this sequence is notoriously difficult to synthesize and purify and adds value to our attempts to obtain
these modified peptides, including a much larger sequence that we were able to obtain at 90% purity,
albeit in small quantities.

1.2.3 In vitro and in vivo assays for MSLN peptide nanovaccines in murine model

Biological assays were conducted using nanovaccine formulations (PLGA-NP-Px), that were developed
by Sana Sayedipour of the Translational Nanobiomaterials and Imaging group at the Leiden University
Medical Center (LUMC). These in vitro and in vivo assays were conducted by Daniele Ferrari from the
Translational Molecular Imaging Group at the Max Planck Institute. The PLGA-NP-Px nanovaccines
comprise the MLSN peptides P1-P9, P11, and P12 (see Tables 1.1 and 1.2), which have been conjugated
in PLGA-NPs. The unmodified MLSN4 peptide P10 was not used in these assays because it was not
obtained in adequate purity. To enhance the immune response, R848, a Toll-like receptor (TLR) 7/8
agonist, and poly(l:C), a TLR3 agonist, were included in the formulation, as adjuvants.
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The NetMHCpan algorithm (https://services.healthtech.dtu.dk/service.php?NetMHC-4.0), which is
capable of predicting the binding between a peptide and the MHC class | for any allele of known
sequence in both human and mouse, was employed to confirm the mouse MHC restriction of all
peptide sequences. The overexpression of the MSLN protein in patient samples and in the syngeneic
murine model tumor cells (KPC), which were utilized in some of these bioassays, was previously
confirmed by Daniele Ferrari through immunohistochemistry with an a-MLSN antibody.

1.2.3.1 In vitro screening of the MLSN peptide-based nanovaccines

In vitro assays were conducted by immunizing C57BL6 male mice with the PLGA-NP-Px nanovaccine,
with three doses administered at seven-day intervals. On day 16, the mice were euthanized, and the
splenocytes were collected from the spleen (Figure 1.17, A). The splenocytes were then cultured and
re-stimulated in vitro with 10 pg of the peptides (Px) present in the PLGA-NP-Px nanovaccine that was
administered. The re-stimulation was carried out for 48 hours.

The cell viability in the presence of the stimulating peptides was determined by performing the XTT
(2,3-bis-(2-methoxy-4-nitro-5-sulphenyl)-(2H)-tetrazolium-5-carboxanilide) cell proliferation assay
after 48h of exposure to the peptides. No significant differences were found in the proliferation of the
cells when stimulated with the peptides (Figure 1.17, B), except for peptide P12 where the cells were
more proliferative. This suggests that palmitoylation of MSLN4 is not toxic and induces cell growth.
Overall, the peptides are not toxic to cells, making them safe to use as vaccine components.

The activation of CD8+ T cells in the presence of stimulating peptides was also investigated by enzyme-
linked immunosorbent assay (ELISA), with the objective of measuring the secretion of IFN-y in the
culture supernatant. IFN-y is a well-established as a marker for T-cell activation, specifically Th1 cells
which are involved in downstream T-CD8+ cell response and is used, as such, as an indicator of
antitumoral immunity. The results demonstrate no statistically significant difference in the levels of
IFN-y secreted in the supernatant of stimulated cells, with the exception of the MSLN4 peptides P11
and P12 (Figure 1.17, C). Moreover, the observed IFN-y levels were predominantly below 10 pg/mL,
indicating an absence of immune response activation. A level of 15 pg/mL or above is typically
indicative of activation. This indicates that the MSLN4 multiepitope peptides are the only candidates
of the peptides studied, capable of activating a cytotoxic antitumor immune response. This finding is
consistent with the established knowledge that short peptides are less effective in eliciting robust
immune responses compared to longer peptides and proteins. This finding is further supported by the
fact that the MSLN4 multiepitope peptide (P12) encompasses the three individual MSLN epitopes.
These peptides were tested individually and were unable to reach the levels of activity shown by the
multiepitope peptide (Figure 1.17, C). All these results indicate that the antigenicity of these peptides
was accurately predicted; however, they only demonstrate adequate immunogenicity when they are
part of a larger construct. The elevated IFN-y levels observed for both the palmitoylated P12 and the
PEGylated long peptide P11 provide further support for this rationale and make the palmitoylated
multiepitope MSLN4 P12 the most significantly active peptide. It is also noteworthy that the P5 peptide
(PEGylated MSLN2 single epitope) exhibited minimal production of IFN-y. This result may be attributed
to the possibility that the long PEG chain may have impeded the interaction of the peptide with the
immunoglobulin receptor.


https://services.healthtech.dtu.dk/service.php?NetMHC-4.0

Peptides: From synthesis to biomedical application in two types of cancer

A Immunization schedule

0 7 14 16
N = — —> Days
> =« . =
- =) T— S =) %
1st 2nd 3rd 2
Sacrifice
dissection
B  Stimulated splenocyte viability C IFN-y production in splenocytes
300 XTT 30+ ELISA
3 Em Unmodified
Hm  Unmodified E3 PEGylated
= PEGylated 3 Palmitoylated
1 Palmitoylated

N
=}
=}
1
N
=}
1

)

% Viability
IFN'(pg/mL

.
o
1

0=
T T T T T T
PL P2 P3 P4 P5 P6 P7 P8 P9 P11l P12 PL P2 P3 P4 P5 P6 P7 P8 P9 P11l P12

In vitro treatment In vitro treatment

Figure 1.17 Preliminary screening of MSLN peptides immunogenicity. A: Scheme for the immunization of
C57BL/6 mice with the PLGA-NP-Px nanovaccines. B: Splenocyte viability measured by the XTT cell proliferation
assay and C: Splenocyte activation measured by anti-IFNy ELISA after immunizing C57BL/6 mice with PLGA-NP-
Px nanovaccine formulations for peptides P1-P9, P11 and P12.

1.2.3.2 Immunogenic effect studies for the PLGA-NP-P12 nanovaccine

After the screening of peptide activity and the selection of the P12-based nanovaccine due to its initial
promising results, more thorough assays were carried out for this nanovaccine.

C57BL6 mice were vaccinated once per week, for 3 weeks, with four different conditions. C1:
phosphate-buffered saline (PBS) negative control, C2: PLGA-NPs negative control, C3: P12 peptide and
C4: the PLGA-NP-P12 nanovaccine (n=3-5 per group). Mice were euthanized on day 16, and then
inguinal lymph nodes, spleen, and blood were taken for in vitro analyses (see Figure 1.17, A).

Cells derived from inguinal lymph nodes were collected from mice immunized with conditions C1, C2
and C4 and were stimulated with PBS or 10 ug of either P12 peptide or PLGA-NP-P12 nanovaccine
during 48h. Then, the levels of IFN-y were measured by ELISA. Cells from mice vaccinated with the
PLGA-NP-P12 nanovaccine showed the highest response in all cases of stimulation, and especially
those stimulated with PLGA-NP-P12 achieved the highest response compared with those stimulated
with either PBS (p<0.05) or the P12 peptide (p<0.05) for this same vaccination group. Mice immunized
with PBS showed no response, while vaccination with the P12 peptide achieved very low responses of
which the highest was observed when the stimulation was performed with the PLGA-NP-P12
nanovaccine (Figure 1.18, B). This indicates that the immunization with the nanovaccine works very
well to elicit a strong immune response, and it is more effective as an immunogen than the peptide
alone.

To corroborate whether the reported IFN-y measurements correlate with CD8+ cytotoxic T cell
activation, splenocytes were collected from mice immunized with conditions C2, C3, and C4. The cells
were then cultured and restimulated with 2, 10, or 20 micrograms of the P12 peptide. Subsequently,
the splenocytes were stained with labeled anti-IFN-y and anti-CD8 antibodies and flow cytometry was
performed. The results demonstrate the presence of a cell population that expresses the CD8 surface
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marker and also secretes the IFN-y cytokine. This finding suggests that this splenocyte population
corresponds to activated cytotoxic T cells. The percentage of CD8+ cells increased up to 4% in mice
immunized with the PLGA-NP-P12 nanovaccine (C4) compared to immunization with either the PLGA-
NPs (C2) or the P12 peptide (C3) (Figure 1.18, C). These results provide substantial support for the
immunogenicity of the P12 peptide-based nanovaccine in the preliminary screening. Furthermore, it
was observed that the highest level of stimulation was achieved when 10 pg of the PLGA-NP-P12
nanovaccine was utilized.

Similarly, splenocytes from mice vaccinated with the PLGA-NP-P12 nanovaccine (C4) were collected,
cultured, and re-stimulated in vitro with PBS, or with 2, 10, and 20 micrograms of the P12 peptide or
the PLGA-NP-P12 nanovaccine. The results demonstrate that the supernatant of cells stimulated with
the P12 peptide and the PLGA-NP-P12 nano vaccine exhibited elevated levels of IFN-y in comparison
to non-stimulated cells (PBS group) (Figure 1.18, D). These results are consistent with those observed
in lymph node cell cultures and align with the preliminary screening performed on splenocytes.
Furthermore, this assay validates that 10 pg represents the optimal quantity of peptide or nanovaccine
to stimulate splenocytes from immunized mice, thus enabling the assessment of the generated
immune response.

Additionally, an assay was conducted to evaluate the effectiveness of the stimulated splenocytes in a
tumor cell killing assay. Splenocytes from mice immunized with conditions C2 or C4 were re-stimulated
in vitro with PBS or with 20 micrograms of the P12 peptide for 48 hours, and then added to KPC tumor
cells in an effector-to-target ratio of 20:1. Following a 48-hour period of co-culture, the XTT assay was
conducted to measure the proliferation of KPC cells. The data demonstrate that splenocytes stimulated
with the P12 peptide were capable of inducing cytotoxicity in KPC cells, as evidenced by a statistically
significant difference when compared to non-stimulated splenocytes (Figure 1.18, E). The
immunization with the PLGA-NP-P12 nanovaccine did not result in a notable difference in the cytotoxic
response compared to that observed in mice immunized with the PLGA-NP alone and both these
responses are elevated. This outcome can be attributed to the nanoformulation's robust activating
capabilities, even in the absence of immunogenic peptides, due to its incorporation of potent
adjuvants that elicit non-specific cellular responses via TLR-related pathways. This non-specific
response elicited by the PLGA-NPs cannot be differentiated from the specific response generated by
the PLGA-NP-P12 nanovaccine by this assay alone. Therefore, an analysis of the supernatant from the
co-culture was conducted. The results revealed that the P12 peptide-stimulated splenocytes from
PLGA-NP-P12 vaccinated mice exhibited higher levels of IFN-y compared to the P12 peptide-stimulated
PLGA-NP-vaccinated mice (p<0.05) or the non-stimulated splenocytes (p<0.05) (Figure 1.18, F). This
suggests that the nanovaccine is capable of stimulating a cytotoxic CD8+ T cell response whereas the
PLGA-NP nanoformulation is not and that the latter’s antitumoral activity is due to non-specific cellular
responses. This is further demonstrated by measuring the anti-MLSN immunoglobulin G (IgG)
antibodies in the sera of mice vaccinated with conditions C2 and C4. The sera of mice vaccinated with
the PLGA-NP-P12 nanovaccine (C4) exhibited higher levels of specific IgGs when compared to mice
that received PLGA-NPs (C2), which demonstrated low or no presence of specific IgGs (Figure 1.18, A).
These findings reinforce the assertion that the PLGA-NP-P12 nanovaccine is a promising vaccine
candidate capable of eliciting a robust immune response and, furthermore, that this response is
specifically directed towards MSLN, indicating a tumor-specific immune response.



Peptides: From synthesis to biomedical application in two types of cancer

A anti-MSLN IgGs in serum B  IFN-y in lymph node cells
3m . Ab production Lymph Nodes
|_| MSLN IgG 15009 n vivo treatment
0 PBS
Hl PLGA-NP =3 P12
2 -NP- -NP-
= PLGA NP_ P12 w0 = PLGA NP P12 '+|
nanovaccine 3 nanovaccine
:
° 3
g
o = 500+ N
1
-il Ill |-T-| p=00513
-
0= Y T U 1 0 T T T
1:250 1:500 1:1000 1:2000 1:4000 PBS P12 PLGA-NP-P12 nanovaccine
Sample dilution In vitro treatment
C  %IFN-y+CD8+ co-expressing splenocytes D IFN-yin splenocytes
- Splenocytes
8
= 249 Splenocytes
= 10 g IFNg e
60
N 20 ug Kkkk
6 1
*
= 2yg
*
% __40- = 10pg
Q 4 E * . 20 ug
B >
=7
=
z
L
2+ 20
0= 0
PLGA-NP P12 peptide  PLGA-NP-P12 nanovaccine PéS P12 PLGA-NP-P12 nanovaccine
In vitro treatment In vitro treatment
E  Tumor Killing Assay F  IFN-y production in tumor killing assay
40 Killing Assay 5001 Killing Assay
In vivo treatment E:T 20:1 In vivo treatment E:T 20:1
- =0,0544
. PLGA-NP . PLGA-NP 2
. PLGA-NP-P12 4
o1 = nanovaccine 400 = PLOANP-P12
nanovaccine
p =0,0544
> * —~
2 204 = 300
2 8
5 r
< 104 & 200+
0] 100
-10 T . o
PBS P12 peptide PBS P12 peptide PBS P12 peptide
In vitro treatment In vitro treatment

Figure 1.18 Immunogenic effect of MSLN nano vaccine in vitro. A: anti-MLSN IgG antibody production in the
serum of mice after vaccination with the PLGA-NP control or the PLGA-NP-P12 nanovaccine B: IFN-y measured
in cells extracted from lymph nodes of PLGA-NP, P12 peptide or PLGA-NP-P12 nanovaccine immunized mice and
stimulated with PBS, P12 peptide or PLGA-NP-P12 nano vaccine. C: Flow cytometry of CD8 and IFN-y co-
expressing splenocyte populations collected from PLGA-NP, MSLN4 or PLGA-NP-P12 vaccinated mice stimulated
with different doses of P12 peptide. D: IFN-y measured in splenocytes collected from mice vaccinated with the
PLGA-NP-P12 nanovaccine and stimulated with PBS and different doses of the P12 peptide and the PLGA-NP-P12
nanovaccin. E: Cytotoxic effect of P12 peptide-stimulated splenocytes from PLGA-NP and PLGA-NP-P12
vaccinated mice on KPC cells. F: IFN-y levels in the supernatant of the co-culture of KPC cells and stimulated
splenocytes.
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1.2.3.3 Efficacy of the PLGA-NP-P12 nanovaccine in PDAC tumors

An in vivo assay to measure both the prophylactic and therapeutic capacity of the PLGA-NP-P12
nanovaccine was performed in the C57BL6 murine model. For the prophylactic activity assay, mice
received two doses of a mix of the R848 and poly(l:C) adjuvants (C1), PLGA-NPs (C2) or the PLGA-NP-
P12 nanovaccine (C3). Mice were then challenged with KPC cells after which they received two more
boosters of the nanovaccine. Mice were euthanized 8 days after the last dose (Figure 1.19, A). Tumor
size was measured by ultrasound after 10, 17 and 24 days of inoculation and no significant differences
were found between the treatment groups (Figure 1.19, B). After euthanasia, no differences were
found between the treatment groups (C1, C2 or C3) neither in the primary tumor size (Figure 1.19, C),
the scar tumor size which grows at the incision site (Figure 1.19, D), nor in the number of metastases
presented in the mice (Figure 1.19, E). Due to the low number of animals in each group, however, this
experiment will be repeated.
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Figure 1.19 Prophylactic effect of mesothelin nano vaccine in a mouse model of PDAC. A: Vaccination scheme of
C57BL/6 mice prior and after challenge with KPC tumor B: Evaluation of tumor volume by ultrasound over the
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course of the vaccination scheme. C: Primary tumor size, D: scar tumor size and E: number of metastases on the
day of sacrifice (n=1-3 per group).

To study the therapeutic capacity of the PLGA-NP-P12 nanovaccine tumor-bearing mice were
orthotopically implanted with a tumor. After 10 days after implantation, mice were vaccinated with
two doses of a mix of the R848 and poly(l:C) adjuvants (C1), PLGA-NPs (C2) or the PLGA-NP-P12
nanovaccine (C3). Mice were euthanized four days after the last inoculation (Figure 1.20, A). The tumor
volume was evaluated by ultrasound during the vaccination scheme. There was an increase in the
tumor volume over time in all groups and this increase was similar between the treatment groups
(Figure 1.20, B). All groups showed similar size of the primary tumors (Figure 1.20, C), the scar tumor
(Figure 1.20, D), and in the number of metastases (Figure 1.20, E).
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Figure 1.20 Therapeutic effect of the PLGA-NP-P12 nanovaccine in a mouse model of PDAC. A: Vaccination
scheme of C57BL/6 mice after challenge with KPC tumor. B: Evaluation of tumor volume by ultrasound during
vaccination. C: Primary tumor size, D: scar tumor size and E: number of metastases at the day of sacrifice (n=3-4
per group).
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The palmitoylated chimeric construct P12 containing three epitopes of the mesothelin antigen seems
to be the best candidate for immune response at the in vitro level, where it shows remarkable
capability of inducing a tumor-specific CD8+ cytotoxic T cell response that is able to eliminate model
KPC tumor cells in a co-culture. However, in vivo assays show poor immune effectiveness on the KPC
tumor, both in a prophylactic and in a therapeutic vaccination scheme. However, the assay must be
repeated to corroborate these results with a greater number of mice and over longer periods of time.
The likely cause for this discrepancy could be related to the accessibility of these effector T cells to the
tumor cells in the tumor structure due to the complexity of its microenvironment, even though results
show that the nanovaccine is very capable of generating a response against individual tumor cells in a
culture.

1.2.4 Preliminary screening assays for PLGA-NP-Px OCV peptide nanovaccines in murine model.
Comparison with the PLGA-NP-P12 nanovaccine

The PLGA-NP-Px nanovaccines containing the OCV peptides P15 to P18 (see Tables 1.1 and 1.5 were
formulated with PLGA-NPs by Sana Sayedipour of the Translational Nanobiomaterials and Imaging
group at the Leiden University Medical Center (LUMC). Biological assays were conducted by Daniele
Ferrari from the Translational Molecular Imaging Group at the Max Planck Institute. Following the
rationale of these peptides as components of a previously reported anticancer vaccine®® and noting
the poor immunogenicity of short individual epitopes results in the MSLN screening, the single epitope
OCV peptides (P15-P17) were tested as a mix of the three peptides in a nanovaccine (PLGA-NP-
OCVmix). This formulation was then compared with the activity of the PLGA-NP-P18 nanovaccine
which is based in the multiepitope OCV P18 peptide, which is a linear multi epitope composed by the
three OCV epitopes (OCV1-3).

Nanovaccine formulations were injected into C57BL6 mice twice. Immunizations were performed
seven days apart from one another (Figure 1.21, A). Mice were sacrificed two days after the last
inoculation and splenocytes were collected, cultured and challenged with OCVmix (P15-P17) or the
P18 multiepitope OCV peptide for 48h, after which IFN-y in the culture supernatant was measured by
ELISA. Furthermore, to compare this assay to our PLGA-NP-P12 nanovaccine candidate, this scheme
was also tested to the MSLN peptides, in which the single epitopes P3, P6 and P9 (palmitoylated
MSLN1, 2 and 3 single epitopes) were combined as a mix in a nanovaccine formulation (PLGA-NP-
MSLNmix) and compared to the PLGA-NP-P12 nanovaccine, which carries the palmitoylated
multiepitope P12 peptide.
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Figure 1.21 Preliminary screening of the activity of OCV and MSLN4 peptides as single epitope mixes and long
multiepitope peptides
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Preliminary screening results indicate that the PLGA-NP-P18 nanovaccine is able to induce activation
of cytotoxic CD8+ T cells as measured by an elevated secretion of the IFN-y marker (Figure 1.21, B),
and that IFN-y levels in this vaccination group are higher than in splenocytes from mice vaccinated
with the PLGA-NP-OCVmix nanovaccine (p<005). A similar result is obtained with the MLSN
formulations (Figure 1.21, B). Stimulated splenocytes from mice vaccinated with the PLGA-NP-P12
nanovaccine secrete significantly higher levels of IFN-y than the group vaccinated with the PLGA-NPs-
MSLNmix. Furthermore, the preliminary screening shows that the PLGA-NP-P18 nanovaccine (OCV
multiepitope peptide) achieves IFN-y levels similar to the PLGA-NP-P12 nanovaccine, which makes it
another potential candidate, although an extensive battery of in vitro and in vivo assays must be
performed for this nanovaccine as it was done for the PLGA-NP-P12 nanovaccine. Considering that the
OCV nanovaccine aims to target tumor proteins associated with the tumor microenvironment, these
results are a promising starting point. These results further support the idea that in order to obtain a
good vaccine candidate, a linear multiepitope format is a good strategy to generate novel peptide-
based vaccines.

1.2.5 Multivalent antigen peptide constructs

Considering the good results obtained with the MSLN4 P12 peptide-based nanovaccine, a new
presentation of this multiepitope was planned by placing the three single epitopes (MSLN1, MSLN2
and MSLN3) and the palmitic acid at different positions of a lysine-based MAP core (Figure 1.22). Due
to the high hydrophobicity of these epitopes, before attempting this multiepitope MAP construction,
we decided to test the feasibility of synthesis with two model constructs: a MAP with 4 copies of a
carboxyfluroesceinated luciferase-1 peptide and a MAP with three different short peptides.
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Figure 1.22 Multiple antigen peptide construct based on the assembly of the three mesothelin epitopes (MLSN1
to 3) and a palmitoyl group in a tri-lysine core.

1.2.5.1 Synthesis of a fluorescent labelled luciferase-1 multiple antigen peptide as a tumor reporter

At the suggestion of the Translational Molecular Imaging Group of the Max Planck Institute, we
prepared a luciferase-1 peptide-based reporter for the antitumor activity of CD8+ T cells in the mouse
model used for the biological assays. We decided that a multiple epitope MAP presentation might be
the most appropriate to have a higher affinity to CD8+ T cells due to their ability to cross-present
epitopes to more than one MHC I-TCR complex at any given time. In addition, the introduction of a
fluorescent probe on each peptide copy can increase the intensity of the fluorescence signal and
improve detection. A murine luciferase-1 epitope (LUC1) LMYRFEEEL, which specifically binds to the T
cell receptor of murine CD8+ T cells, was selected and synthesized as a carboxyfluoresceinyl-labeled
peptide and assembled onto a tri-lysine core (compound 1, Figure 1.23), rendering a four-copy
multiple antigen peptide construct which will be used for visualization of CD8+ T cell activity at the
tumor site. The LUC1 peptide was synthesized as previously described, with a 5(6)-carboxyfluroescein
coupled in the N-terminal amine and a C-terminal cysteine added (CF-LUC1-Cys) to incorporate the
peptide into the MAP core via maleimide-thiol chemistry. A sequential coupling and protecting group
removal scheme was performed to synthesize the MAP core (compound 1, Figure 1.23) using Fmoc-L-
Lys(Fmoc)-OH as the building block, yielding a core with four free amines upon final Fmoc elimination,
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which are then coupled to 6-maleimidohexanoic acid, providing four maleimide functional groups
(mals-MAP core) to conjugate the CF-LUC-1-Cys peptide in a click reaction.

Prior to conjugation of the CF-LUC-1-Cys peptide with the mal,-MAP core, both products were purified.
The mals,-MAP core crude product showed a remarkable purity of 81% (Figure 1.24, A) and allowed for
purification up to >99.9% with no procedural issues (Figure 1.24, B). Recovery for this product is high
at 75% owing to its high crude yield and initial purity (Table 1.11) as well as the uncomplicated one-
step purification. The CF-LUC1-Cys P32 peptide crude, however, was very impure. Furthermore, this
peptide showed two peaks at ~5.8 min and ~6.0 min with 21% and 29% of purity, respectively (Figure
1.24, C) with the mass of the expected peptide product when were analyzed by LC-MS. These two
products are obtained because the starting material 5(6)-carboxyfluorescein is a mix of two isomers
carrying a carboxyl group in two different positions. Focus was put on the second peak and purification
of this product was carried out up to 99% (Figure 1.24, D). Recovery of this peptide was low at 7% due
to low crude purity (Table 1.11). However, there was sufficient pure P32 peptide to continue with the
synthesis of the (CF-LUC1)4 MAP (compound 2, Figure 1.23).
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Figure 1.23 Synthetic route of the tetrameric CF-LUC-1 MAP construct production.

Table 1.11 Summary of yield and purity of CF-LUC-1-Cys peptide and mals-MAP core.

% Crude % Crude % Final %
Product ID N-t inal MW (D
roduc ermina (Da) Purity Yield® Purity Recovery®
CF-LUC1-Cys P32 CF-NH- 1689.98 29¢ 26 99 7%
mals-MAP core Compound 1 (mal)a 1174.36 81 87 100 75%

2% yield = (crude mmol x crude purity) / (theoretical mmol)
b% recovery = (purified mmol x purified purity) / (crude mmol x crude purity) x 100

“%crude purity considers one of two possible P32 products.
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Figure 3.14 RP-HPLC for A: CF-LUC1-Cys P32 peptide crude, B: CF-LUC1-Cys P32 peptide pure, C: mals-MAP core
crude and D: mals-MAP core pure. Gradient used was 5-100%B (CF-LUC1-Cys crude) or 30-100% B in a Cis column
(A: H20 + TFA 0.045%, B: CH3CN + TFA 0.036%).

The conjugation reaction was performed by dissolving the CF-LUC-1-Cys peptide (0.044 mmol, 1.1 eq.)
and the mals-MAP core (0.01 mmol, 1 eq.) in DMF and an equal volume of 10 mM NH4HCOs; buffer (pH
8.0) with 1% p/v TCEP and allowed to react. After 2 hours, analysis by RP-HPLC revealed no end product
and no starting material. Diverse HPLC gradients and columns (Cis and Cs) were explored to analyze
the crude reaction, but none of them allowed us to detect the final product (CF-LUC1), MAP. It is likely
that the end product was formed but was too large and hydrophobic to be seen on Cis or Cg columns.
It was also not possible to assess whether the reaction is complete or whether there was a mixture of
two, three and four peptide copies incorporated onto the MAP. Although a slight excess of peptide has
been added to avoid such a scenario, it still needs to be confirmed by mass spectrometry.

Considering this problem, a new approach was explored with a new core (compound 3, Figure 1.25)
consisting of a Lys-Cys backbone with the amines modified with a shorter 3-malemidopropionic acid
linker to anchor two peptide epitopes by thiol maleimide conjugation. The main objective was to
facilitate the analysis of the final peptide conjugation product. After peptide incorporation onto the
mal,-MAP, the resulting (CF-LUC1); Lys-Cys construct (compound 4, Figure 1.25) can be dimerized to
obtain the tetrameric MAP (compound 5, Figure 1.25) through the formation of an intermolecular
disulfide bridge. Following this synthetic scheme, we were able to synthesize and characterize the
mal,Lys-Cys core.
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Figure 1.26 RP-HPLC for A: mal.-MAP core crude, B: mal.-MAP core pure. Gradient used was 5-70%B in a Cis
column (A: H20 + TFA 0.045%, B: CH3CN + TFA 0.036%).

This core showed a crude purity of 59% (Figure 1.26, A) and was purified to reach up to 98% purity in
a single step (Figure 1.26, B). Although the analysis by RP-HPLC of the pure mal,Lys-Cys core confirmed
a high degree of purity, its H-NMR showed a duplicity of the CH,, of Cys, indicating that this residue
was racemized in the synthesis process. In terms of the final tetravalent MAP synthesis, racemization
makes no difference in the introduction of peptides at the mal,Lys-Cys and its dimerization, but it may
complicate the characterization of the final bivalent and tetravalent MAPs. Furthermore, we did not
consider it advisable to introduce a variable for subsequent bioassays, as we do not know if the loss of
chiral integrity of the cysteine residues will affect the intended effects when tested in cells of animal
models. At this point, we decided to abandon the synthesis of the fluorescence-labeled luciferase-1
multiple antigen peptide.

1.2.5.2 Synthesis of a mesothelin-based multiepitope multiple antigen peptide

Since the linear multi-epitope peptide construct (MSLN4) was the only one to show immunogenic
activity in the initial bioassays (OCV multiepitope peptide requires further confirmatory assays), it was
considered to also attempt to create a novel multi-epitope presentation construct by incorporating the
individual epitopes into a MAP core. In contrast to MAPs carrying the same type of epitope, the
construction of a multimodal MAP carrying different epitopes cannot be prepared by thiol-maleimide
conjugation, as this reaction does not discriminate between the different epitopes. Due to the large
number of protecting groups described for amines, the sequential introduction of the peptide epitopes
onto the MAP core can be accomplished through an amide bond. A lysine-based branched scaffold
with an orthogonal protection scheme for the different amines was chosen, since lysine is
commercially available with several different combinations of protecting groups on its o— and
€— amines. In this work, we synthesized an orthogonally protected lysine scaffold bearing four different
amino protecting groups: 2-nitrobenzenesulfonyl or nosyl (Ns), 9-fluorenylmethoxycarboxyl (Fmoc), 4-
methoxytrityl (Mmt), and allyloxycarbonyl (Alloc). These groups can be removed independently to
introduce the different peptides sequentially on the MAP core. The Ns group is eliminated by
treatment with thiols such as thioglycolic acid or 2-mercaptoethanol, the Fmoc group is usually
removed with piperidine or 4-methylpiperidine, the Alloc group is removed by hydrogenolysis carried
out with catalytic amounts of tetrakis(triphenylphosphine)palladium(0) (Pd(PPhs)4) in the presence of
phenylsilane, and the Mmt group is removed by acidolysis at low percentages of acid, such as 1% TFA
or CH3COOH in DCM.

To produce this multimodal core, we used commercially available protected amino acids Fmoc-L-
Lys(Alloc)-OH, Fmoc-L-Lys(Mmt)-OH and H-L-Lys(Fmoc)-OH. The latter was used to synthesize the Ns-
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L-Lys(Fmoc)-OH building block following the scheme shown in Figure 1.27. Briefly, the carboxyl of this
amino acid (5 mmol, 1 eq) was protected with methxoyl to generate H-L-Lys(Fmoc)-OMe after which
the Ns group was incorporated to produce Ns-L-Lys(Fmoc)-OMe. Finally, the methoxy protecting group
was removed with lithium iodide to obtain the Ns-L-Lys(Fmoc)-OH as the final product with 96% purity
(80% yield)

The multimodal core (compound 6) was then synthesized by SPPS as shown in Figure 1.28. As a proof
of concept, three model peptides were selected to be incorporated onto the compound 6:
adrenomorphin (P33), leu-enkephalin (P34), and endomorphin (P35). These were synthesized via SPPS
as protected acetylated peptide models using a 2-chlorotrityl chloride resin, obtained by a very mild
acydolisys treatment with 1% TFA, and then purified by semi-preparative HPLC. Synthesis performance
for P33, P34, P35 and compound 6 are summarized in Table 1.12.

Table 1.12 Summary of yield and purity of CF-LUC-1-Cys peptide and mals-MAP core.

Product D N-terminal MW % Crude % Crude % Final %
(Da) Purity Yield® Purity Recovery®
Adrenomorphin P33 Ac-NH- 1587.20 41 56 72 43
Leu-Enkephalin P34 Ac-NH 653.65 66 77 93 71
Endomorphin P35 Ac-NH- 809.27 85 90 95 83
Alloc-NH,
multimodal- Fmoc-NH,
MAP core Compound 6 Ns-NH-, 896.03 92 80 97 77
NH2-

3% yield = (crude mmol x crude purity) / (theoretical mmol)

b% recovery = (purified mmol x purified purity) / (crude mmol x crude purity) x 100

The strategy followed for the introduction of the different model peptides to compound 6 is
summarized in Figure 1.28. The couplings were performed in liquid phase using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and 1-hydroxybenzotriazole (HOBt) as coupling reagents. A
liguid phase coupling strategy is preferred to incorporate the peptides into the core, as it allows
working with equimolar ratios of the different components with a relatively fast assembly, avoiding
deletions due to increased steric hindrance and potential aggregation in the branched structure.

The MAP core scaffold was synthesized using Fmoc-L-Lys(Alloc)-OH, Fmoc-L-Lys(Mmt)-OH and Ns-L-
Lys(Fmoc)-OH as starting materials. The core was cleaved from the resin with TFA and TIS treatment
which yielded compound 7 (Figure 1.28). Separately, the peptides were synthesized as described and
cleaved from the solid support with 1% TFA in DCM and purified. These peptides did not show great
difficulties in their synthesis and purification. However, adrenomorphin showed more impurities than
the other two peptides (Figure 1.29, A). The MAP core is a relatively uncomplicated molecule to
synthesize as evidenced by its RP-HPLC characterization (Figure 1.29, D).
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Figure 1.28 Strategy for the synthesis of the multivalent multimodal MAP carrying three peptides.
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Figure 1.19 RP-HPLC for A: P33 adrenomorphin peptide purified up to 72%, B: P34 Leu-enkephalin peptide pure,
C: P35 endomorphin peptide pure, D: Compound 6 multimodal MAP core pure. Gradient used was 30-100%B in
a Cis column (A: H20 + TFA 0.045%, B: CH3CN + TFA 0.036%).

We decided to perform the synthesis of the MAP by introducing the largest peptide first,
adrenomorphin, with the rationale that it would be more difficult to couple it to the core if it already
carried other peptides due to steric hindrance. This peptide was introduced by amide bond formation
with a conversion of 80%, and the purity of the resulting a-N-Fmoc-lysyl(e-N-Ns)-lysyl(e-N-P33)-
lysine(e-N-Alloc)-CONH, intermediate (compound 7, Figure 1.28) is of 53%, which can be expected
(Figure 1.30, A) given the purity of the P33 adrenomorphin peptide (Figure 1.29, A). The Fmoc group
of compound 7 was removed with piperidine and the P34 Leu-enkephalin peptide was introduced to
form the a-N-P34-lysyl(e-N-Ns)-lysyl(e-N-P33)-lysine(e-N-Alloc)-CONH, intermediate (compound 8,
Figure 1.28) with a 64% conversion and purity remained at 53% (Figure 1.30, B). The Alloc group of
compound 8 was then removed and the P35 endomorphin peptide was introduced to form the a-N-
P34-lysyl(e-N-Ns)-lysyl(e-N-P33)-lysine(e-N-P35)-CONH, intermediate (compound 9, Figure 1.28) with
a conversion of the 60% and very low purity of 25% (Figure 1.30, C and D). However, when we tried
to remove the nosyl group of compound 9, this was unsuccessful. This may be due to steric hindrance
and poor exposition of the Ns group to the reagents, because this protecting group is generally readily
removed in an hour upon treatment with thiols. Optimization of nosyl removal and purification of the
starting material are necessary requirements to achieve the final compound.
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Figure 1.30 RP-HPLC monitoring for the coupling of A: P33 adrenomorphin peptide to the MAP core, B: P34 Leu-
enkephalin to the P33-MAP, C: P35 endomorphin peptide to the P33-P34-MAP and LC-MS monitoring of the
coupling of D: P35 endomorphin peptide to the P33-P34-MAP. Gradient used was 40-100%B for A and 50-100%B
for B and Cin a Cig column (A: H20 + TFA 0.045%, B: CH3CN + TFA 0.036%).

Our results indicate that a multimodal MAP can be produced carrying up to three different epitopes
and possibly, in future work, a fourth peptide sequence or other types of moieties (lipids, fluorophores,
etc.) in a single molecule, which has interesting potential applications as vaccine components.
However, the starting materials need to be thoroughly purified and different deprotection schemes
need to be explored considering the difficulties encountered in removing the nosyl group.
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2.1 Introduction

2.1.1 Neuroblastoma

Neuroblastoma (NB) is a form of pediatric cancer that is highly aggressive. The survival rates are
inversely related to age, reaching 50% in children aged five years and older.? It is also difficult to detect
in its early stages?®?, and the classical treatment options are ineffective because the tumor is
heterogenous, phenotypically plastic and the immune response generated against it is
counterproductive as it can aid tumor growth.3733 As such there is marked interest in finding adequate
alternative treatments for this disease. One alternative that has emerged from research as a potential
treatment for complex cancers, including neuroblastoma, is the use of ribonucleic acids (RNAs) as
therapeutic agents.'?® This is due to the specificity with which they act. Specificity allows for targeted
activity and fewer off-target effects, resulting in low toxicity. This is in stark contrast to traditional
cancer treatments such as chemotherapy and radiation.

2.1.2 Ribonucleic acid-based therapeutics for neuroblastoma treatment

Ribonucleic acids (RNAs) are macromolecules composed of multiple copies of four base nucleotides:
adenine, cytosine, guanine and uracil. These nucleotides are linked by a 5’-3’phosphodiester bond
between the ribose moiety of one nucleotide and the phosphate group of the following nucleotide.'®*
164 RNAs have biological functions primarily in gene expression and regulation.6271% Therapeutic RNAs,
including small interfering RNAs (siRNAs) and microRNAs (miRNAs) have emerged as an attractive
alternative in cancer research.8%6-168 These RNAs can selectively target the genes of cancer cells,
thereby avoiding the toxic side effects on healthy cells seen with both chemotherapy and radiation
therapy.!?®

RNAs can target cancer cells in two main ways: 1) as interfering agents that block genes associated
with cancer, and 2) as messenger RNAs that can induce gene expression of specific proteins. This can
include expression of antigens to generate an immune response or expression of immunomodulators,

such as cytokines, to increase the potency of the anti-tumor immune response (Figure 2.1).88128163
165,168
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Figure 2.1 Alternatives for RNA-based therapies and their mechanism of action. Dicer: endoribonuclease, RISC:
RNA-induced silencing complex.

Despite these advantages, the implementation of RNAs as a treatment for cancer remains challenging
due to several factors. First, RNAs are highly susceptible to enzymatic degradation by RNAases which
can degrade RNA in the bloodstream within thirty minutes. Second, the accumulation of these
macromolecules in the desired target cells is a significant challenge. Systemically, they accumulate in
the liver and are rapidly metabolized and cleared.!?% They can also induce Toll-like receptor (TLR)-
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mediated immune responses and consequently they can be degraded. Locally, RNAs have poor
internalization capabilities because they are unable to cross the cell membranes due to their high
molecular weight, hydrophilic nature, and negative charge. While they are highly specific for the genes
they target, this selectivity is useless outside of the cell 128166

These limitations result in poor bioavailability and biodistribution, making their use in in vivo models
and thus clinical application very challenging. This underscores the need for a delivery system that can
encapsulate the RNA, protect it from enzymatic degradation, allow it to be internalized into the cell
and nucleus, and enable it to reach its specific gene target while minimizing off-target effects such as
activation of TLR pathways. Lipid-based nanovesicles represent an optimal delivery system that can
maintain the integrity of the RNA cargo, be internalized into the cell via endocytosis, and thus allow
delivery of the RNA cargo to its intracellular target. Within these lipid-based nanovesicles, liposomes
are the most widely used type of lipid nanocarrier for nucleic acid loads. These spherical, bilayer
phospholipid-based vesicles have been used in FDA-approved formulations. Recently, another type of
non-liposomal nanocarrier based on sterols, called quatsome, has been developed with some
interesting properties.102:103

2.1.3 Quastome-based nanovesicles as delivery systems for miRNA

Quatsomes (QSs) are non-liposomal lipid nanovesicles composed of sterols, primarily cholesterol or
cholesterol derivatives, and stabilized by cationic surfactants, of which cetyltrimethylammonium
bromide (CTAB) and myristalkonium chloride (MKC) are the most commonly used (Figure 2.2). These
nanovesicles are capable of carrying drug loads, whether encapsulated or on their surface. QSs are
thermodynamically stable, homogeneous in size, unilamellar, and have the ability to encapsulate and
adsorb a wide range of small molecules and macromolecules. These physical properties are sometimes
not present in liposomes. In addition, they exhibit remarkable stability under in vivo conditions.10%103
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Figure 2.2 Basic structural composition of a quatsome nanovesicle (created with BioRender.com).

QSs can be prepared by sonicating a solution of the components, resulting in self-assembly of the
nanovesicle, or they can be prepared in a more modulated manner using a compressed fluid-based
method. In both cases, lipid vesicles require an external energy input for self-assembly. The second
method, DELOS-susp (Depressurization of an Expanded Liquid Organic Solution into Aqueous Solution),
involves dissolving the components in ethanol as a solvent, which is then expanded with CO; in a
pressurized chamber. Depressurization with N, to water containing the surfactant yields the vesicle.
The process is shown in Figure 2.3 and results in a set of nanovesicles that are homogeneous and
stable. The vesicles can be characterized and functionalized as desired.'®
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Figure 2.3 Schematic representation of the stages of the DELOS-susp methodology for the preparation of
quatsomes. Components dissolved in organic solvent are added to the chamber (a), which is then expanded by
gas (b) and then depressurized into water with surfactant (c) to yield the nanovesicle.

Lipid-based nanocarriers such as quatsomes and liposomes serve as potent systems that fulfill many
of the requirements to protect and deliver therapeutic RNA. However, neither the RNA nor the lipid-
based nanovesicle can accumulate in a specific tissue or cell type. The lack of target tissue specificity
is an important issue that needs to be addressed in order to fully exploit the advantages of RNA
therapeutics and lipid-based delivery systems in the treatment of cancer. While in some cases this
problem can be circumvented if the tumor is accessible and the formulation can be injected directly at
the tumor site, this is not the case for other cancers such as neuroblastoma. In addition, lipid-based
nanocarriers readily accumulate in the kidney and, once inside the cells, in the reticuloendothelial
system, ultimately leading to rapid renal clearance. Therefore, systemic distribution via the
bloodstream is necessary. However, relying on passive targeting of the tumor is not suitable, so the
introduction of specific targeting moieties is crucial to direct the formulation to the target tumor and
facilitate rapid internalization and accumulation of the nanovesicles in the specific tumor cells. At the
same time, this increased specificity will result in fewer off-target effects and thus reduced toxicity.

2.1.4 Targeting moieties for neuroblastoma

A targeting moiety is a molecule that specifically interacts with a receptor present on the targeted cell
type or tissue and is typically introduced with, directly linked to, or within the formulation of the
bioactive compound. For tumor cells, these receptors are typically overexpressed in the cell
membrane. Targeting moieties can include macromolecules such as immunoglobulins, or ligands such
as peptides and smaller molecules. The addition of these moieties to a drug formulation allows active
targeting of the tumor cells, thus solving many of the problems that can be expected with passive
targeting schemes. The active targeting scheme is shown in Figure 2.4.

The use of targeting peptide ligands represents an optimal option for incorporation onto the surface
of the QS delivery system to facilitate the accumulation of therapeutic RNA in neuroblastoma cells. To
select good targeting ligands for neuroblastoma, a bibliographic search was performed to localize
receptors/proteins overexpressed on the surface of neuroblastoma tumor cells that have known
specific ligands. Several peptide ligands were identified that specifically bind three receptors/proteins
overexpressed on neuroblastoma tumor cells, the diasilanglioside receptor (GD2), the tropomyosin
receptor kinase B (TrkB), and the norepinephrine transporter (hNET). A total of five peptide ligands
were selected because of their relatively short lengths and the absence of post-synthesis modifications
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such as disulfide bridges, which can complicate final incorporation into the QSs. These sequences are
shown in Table 2.1. Furthermore, a known ligand molecule for hNET, p-aminobenzylguanidine (PABG),
was selected as an additional targeting moiety.’®® PABG is an analogue of the meta-
iodobenzylguanidine (MIBG) a synthetic norepinephrine ligand, that selectively binds to hNET. MIBG
labelled with radioactive iodine (2**31]-MIBG) is widely used for the diagnosis of NB.®°

Table 2.1 Neuroblastoma-targeting labelled peptide sequences.

Peptide Sequence Target
NB1 YSHSHSYWLRSGGGC GD2170
NB2 SHSYWLRSGGGC GD2170
NB3 WHWRLPSGGGC GD2'"1
NB4 CSMAHPYFAR TrkB72173
NB5 GASNGINAYLC hNET74

In the present work, the peptide ligands were synthesized by SPPS with an additional cysteine at the
C-terminal of their sequence, except for peptide NB4, whose sequence naturally presented a cysteine
at the N-terminal position. A thiol derivative of PABG was also synthesized. All selected targeting
ligands were conjugated to a fluorescent probe to study their internalization ability on neuroblastoma
cells in order to select the most suitable targeting ligand candidate to be incorporated on the surface
of a QS-based delivery system. It is expected that the peptide and molecule incorporated into the QS
delivery system will facilitate accumulation in neuroblastoma tumor cells.

The work of this thesis chapter was done in collaboration with the Neural Tumors Laboratory of the
Translational Research Group on Cancer in Childhood and Adolescence at the Vall d'Hebron Institut de
Recerca (VHIR) and the Nanomol group at the Institut de Ciencies dels Materials de Barcelona (ICMAB-
CSIC). My work focused on the synthesis of the targeting ligands and their derivatization with a
fluorescent probe. Together with Julia Piqué from the Nanomol group, | carried out the work related
to the conjugation of two targeting ligands to the QSs, work that was carried out during a short stay at
the ICMAB-CSIC. Finally, the biological evaluation was carried out by the Neuronal Tumors Laboratory
of the Translational Research Group on Childhood and Adolescent Cancer at the VHIR.

& Targeting unit

V Target receptor

Neuroblastoma cells

Figure 2.4 Active targeting scheme in a quatsome delivery system for a therapeutic RNA aimed at neuroblastoma
tumor cells.



Peptides: From synthesis to biomedical application in two types of cancer

2.2 Results and Discussion

2.2.1 Synthesis of the selected targeting moieties and the corresponding 5-fluoresceinated-
derivatives. Cellular uptake studies

Neuroblastoma targeting peptides (Table 2.2) were synthesized using manual standard SPPS protocols.
These peptides were selected for their optimal length for rapid synthesis and their ability to target
both the neuroblastoma microenvironment and the tumor. Peptides without a cysteine in their
sequence were synthesized with a C-terminal cysteine separated from the rest of the sequence by
three glycine residues. The peptides were purified by semi-preparative HPLC, and all final products
were characterized by RP-HPLC and LC-MS.

The synthetic addition of cysteine provides a thiol function that allows conjugation to the nanovesicle
via a cholesterol-PEG-maleimide moiety, which was also used to introduce a fluorescent probe onto
the purified peptides by reaction of the thiol with fluorescein-5-maleimide. Both conjugation reactions
are based on the Click-Michael addition reaction between thiol and maleimide functions (Figure 2.5),
which is fast, clean and selective.'’>'7% As an example, Figure 2.6 shows the analytical HPLC of the final
pure conjugated peptide ligands.
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Figure 2.5 The thiol-maleimide Michael addition reaction mechanism.

R(%JH

Ten to twenty milligrams of each peptide was labeled with fluorescein-5-maleimide and then purified
by HPLC to yield the corresponding 5-fluoresceinyl peptide. This process yielded five to ten milligrams
of 5-fluoresceinyl peptides with purities ranging from 93% to >99.9%, which was sufficient for cell
localization assays.

Table 2.2 Synthetic performance of neuroblastoma-targeting peptides

% Crude

Peptide ID Cysteine Thiol MW Purity %Yield % Final  %Recovery
P36 -SH 1695.8 64 46 >99.9 46
NB targeting peptide 1
P37 -S-mal-Fl 2036.1 90 93 >99.9 92
P38 -SH 1308.4 60 59 >99.9 59
NB targeting peptide 2
P39 -S-mal-Fl 1648.7 89 94 >99.9 97
P40 -SH 1254.4 94 92 >99.9 92
NB targeting peptide 3
P41 -S-mal-Fl 1681.8 92 95 >99.9 95
P42 -SH 1181.4 85 79 94 75
NB targeting peptide 4
P43 -S-mal-Fl 1608.8 96 85 94 89
P44 -SH 1081.2 74 67 93 63
NB targeting peptide 5
P45 -S-mal-Fl 1508.6 89 90 94 85
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Figure 2.6 RP-HPLC of pure fluorescein-conjugated neuroblastoma-targeting peptides using a gradient of 5-100%
B at r.t. in a Cis column (A: H20 + TFA 0.045%, B: CHsCN + TFA 0.036%).

The thiolated-PABG derivative was synthesized (Figure 2.7) from 4-aminobenzylamine by first
guanidylating the benzylamine with N,N'-DiBoc-1H-pyrazole-1-carboxamidine to give the intermediate
N,N'-DiBoc-PABG (1) (96% vyield). The thiol function was then introduced by the addition of 3-
(tritylthio)propanoic acid (3TTPA) to the aromatic amine of intermediate 1 through an amide linkage
using the symmetrical anhydride method (2) to give intermediate 3 (85% vyield). Boc and trityl
protecting groups were chosen as acid labile groups to avoid unwanted secondary reactions. TFA
treatment of the intermediate 3 quantitatively afforded the thiolated-PABG derivative (4), which was
derivatized with fluorescein-5-maleimide by a maleimide-thiol reaction under basic conditions (pH 8)

to afford the 5-fluoresceinyl-PABG (5) (49% yield).
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Figure 2.7 Synthetic scheme of thiolated-PABG derivative and the corresponding fluoresceinyl conjugate.

The fluorescently labeled peptides and the fluoresceinyl thiolated-PABG derivative were generated to
facilitate cell uptake studies by confocal microscopy of these targeting moieties in neuroblastoma cell
lines. This cell uptake assay was performed by Dr. Ariadna Boloix from the research group of Dr. Miguel
Segura at the Vall d'Hebron Institut de Recerca. The results showed that the P41 peptide H-
WHWRLPSGGGC(s-mal-Fl)-NH; has the strongest binding affinity for the CHLA-90 cell line after 1 h of
incubation (Figure 2.8, A). The P39 peptide H-SHSYWLRSGGGC(s-mal-FI)-NH; ranks second, while the
P37 peptide is not a promising homing candidate. In addition, the P43 and P45 peptides showed non-
specific binding to a non-neuroblastoma cell line, thus eliminating their potential use as targeting
peptides. As expected, the fluoresceinyl thiolated-PABG derivative ligand also exhibits robust homing
capability for CHLA-90 (Figure 2.8, B). Therefore, the P40 peptide and the thiolated-PABG (Figure 2.9)
were the selected candidates for conjugation, while the P38 peptide was retained as a potential
candidate if needed for further investigation.
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Figure 2.8 Binding assay for Peptide 3 in CHLA-90 cell line at 1 and 24 h (A) and PABG in different neuroblasatoma
cell lines (B). DAPI was used as a DNA intercalant reagent to dye cell nuclei.

A RP-HPLC thiolated-PABG derivative B RP-HPLC P40 peptide

15.475

Figure 2.9 RP-HPLC of A: thiolated-PABG and B: P40 peptide after purification in a C1s column using a 5-70%B
gradient. Thiolated-PABG is detected at 254 nm while the P40 peptide is detected at 220 nm.

2.2.2 Preparation of quatsome nanovesicles and optimization of thiolated-PABG derivative
conjugation

All the work on the formulation of QSs and the conjugation of synthetic ligands was carried out during
a short secondment at the Institut de Ciéncies dels Materials de Barcelona (ICMAB-CSIC) in
collaboration with Julia Piqué, under the supervision of Dr. Mariana Kéber and Professor Nora Ventosa.

The components (Figure 2.10) for the formulation of QS nanovesicles include 3B-[N-(N',N'-
dimethylaminoethyl)-carbamoyl]cholesterol (DC-Chol), myristalkonium chloride (MKC) as a surfactant,
and cholesterol-PEG2g0-maleimide (Chol-PEG3000-mal). The positive charges of DC-Chol are critical for
the incorporation of the therapeutic miRNA, while the PEG moiety of the Chol-PEG;000-mal carries the
maleimide group onto which the thiol of the targeting ligands (thiolated-PABG derivative and P40
peptide) is incorporated. QSs containing 2 umol of cholesterol-PEG,000 maleimide (QS 001) were
formulated by DELOS-susp method and characterized for particle size distribution and Z-potential
determination in a Zetasizer ZEN 3600 (Malvern Panalytical Ltd., United Kingdom). The formulation
was first diafiltrated to remove any excess reagents. The pH was then adjusted to 7.5 with 2-[Bis(2-
hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol (Bis-Tris) buffer. This was done to ensure the
formation of the nucleophilic thiolate. Among the available buffers, phosphate buffered saline (PBS)
was excluded because it would have resulted in the addition of unnecessary sodium and potassium
chloride salts. Tris(hydroxymethyl)aminomethane (Tris) was also excluded from consideration because
it is a primary amine and there was uncertainty as to whether its nucleophilicity would result in
competition with the thiolate for maleimide groups, as occurs with lysine e-amino groups.'’>77
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Figure 2.10 Strategy for the formulation of quatsomes composed of DC-cholesterol and Chol-PEG2000-maleimide
for miRNA loading and conjugation of targeting PABG. This strategy is also valid for the incorporation of cysteinyl-
peptide.

As a first conjugation assay (QS 001) 1.2 equivalents of thiolated-PABG derivative (compound 10, 2.4
umol) were added to a QS suspension and stirred for three hours. This equivalent value was
determined considering the quantity of Chol-PEG-Mal formulated. Subsequently, sample aliquotes
were taken at 1, 1.5, 2, and 2.5 hours, and ultracentrifugation was performed on each of them to
eliminate the reagents that have not reacted from the QS. The estimation by HPLC of the non-reacted
targeting ligand in the supernatant fraction permitted us to determine indirectly the targeting ligand
incorporated to the QSs.

The ultracentrifugation conditions tested were mild, with a force of 3,000 x G for 10 minutes. This
method was not sufficient to completely remove the nanovesicles from the solution. The supernatant
still contained 5.5 x 10*! particles per milliliter, as shown in Table 2.3. The supernatant was analyzed
by RP-HPLC and compared to a PABG control. It was observed that the consumption of the available
PABG stopped after one hour (Figure 2.11). By comparing the areas under the integrated peak of the
PABG derivative in the HPLC traces, it can be observed that approximately 80% of the available PABG
remains in solution. Consequently, the results indicate that initially there is a conjugation of 20% of the
theoretical maleimide units present in QS. (Table 2.3). This inefficiency of the conjugation process can
be explained by several reasons. First, it was observed that the thiolated-PABG derivative sample
exhibited 24% bi-product due to dimerization by disulfide formation between two PABG derivative
units, even when it was stored at -20°C. This reduced the amount of PABG derivative available for
conjugation, indicating the need to treat this compound with a reducing agent, TCEP, prior to
conjugation to QSs. Second, we considered the possibility that the availability of functional maleimides
for conjugation in QS was limited. The underlying cause can be attributed to the high probability that
the Chol-PEG2n00-mal is incorporated into the nanovesicle on both sides of the bilayer of QS, the inner
and outer layers, resulting in an immediate reduction in the functionality for QS surface conjugation.
This problem cannot be controlled, but an attempt was made to circumvent this limitation by doubling
the amount of Chol-PEG,00-mal, thereby increasing the surface density of maleimide functions. This
should result in an increased conjugation rate. Another possible cause of the low conjugation
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percentage may be due to prolonged storage at the basic pH of the nanovesicle suspension resulting
from the diafiltration process, which may compromise the integrity of the maleimide. In this regard,
the pH of the suspension prior to adjustment was 8.0, which may induce hydrolysis of the
maleimide.’”18 |t has been reported that maleimides can be hydrolyzed at pH values above 8.0. This
hydrolysis process begins after seven days at 20°C and 20 days at 4°C.2"78° Therefore, diafiltration was
performed after completion of the conjugation process to avoid maleimide hydrolysis caused by the
basic pH and thus maintain the number of maleimides available for conjugation.

Finally, it is of paramount importance to emphasize that ultracentrifugation must be performed at
higher speeds to ensure complete pelleting of nanovesicles (Table 2.3, Figure 2.12). Two
ultracentrifugation conditions, 10,000 x G and 100,000 x G for 30 minutes at 4°C, were tested on a QSs
batch formulated with 4 umol Chol-PEG,00-mal content (QS 004), which is twice the amount of
maleimide as in the previous assay. This new attempt resulted in an improvement in conjugation from
19% to 38%, but the problem of high numbers of particles in the supernatant remained. The optimal
scenario would be to have the lowest possible number of particles, as this would ensure that the PABG
detected by RP-HPLC does not originate from nanovesicles that have already been conjugated by a
retro-Michael reaction or otherwise disrupted.&
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Figure 2.11 RP-HPLC Analysis of conjugation of PABG with batch QS 001 supernatant at 1, 1.5, 2 and 2.5h of
reaction, showing PABG monomer (RT ~ 4 min) and dimer by-product (RT ~ 4.8min). conditions HPLCs.

Two additional batches of QS were then formulated with 2 umol (QS 006) or 4 umol (QS 005) of Chol-
PEG2000-mal. In all cases, particle stabilization was allowed for 24 h prior to conjugation without
diafiltration, then pH was adjusted to 7 and conjugation was performed for 2 h at room temperature
with the addition of TCEP to reduce dimerization of the thiolated-PABG derivative in the reaction
conditions. The results confirm the improvement in the conjugation efficiency previously observed for
QS 004, because only when the QS nanoformulation process is performed with the double equivalents
of Chol-PEG,g00-mal the conjugation efficiencies increase (QS 005). Conjugation rates are 38-43% for
QS 004 (Table 2.4) and 47-53% for QS 005 (Table 2.4), both formulated with 4 pumol of maleimide
component, compared to 7-19% for QS$006, which was formulated with 2 pmol of this component.

At this point, three methods were investigated to separate the unconjugated PABG in solution from
the PABG-derived QS to find the best separation procedure: ultracentrifugation, filtration through 30
kDa MWCO AMICONE® filter units, and Sephadex G-25 size exclusion chromatography. Both Table 2.3
and Figure 2.12 summarize the efficiency of separation of QSs from the suspension by four different
ultracentrifugation conditions. The results show that separation was improved only in the QS005 UCF
batch where the centrifugation was performed at 600000 x G for 6 h at 4°C. In this case, the
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supernatant carries 10° particles/mL, a 2-log reduction in the amount of suspended nanovesicles and
representing 0.1% of the total nanovesicle content. No other setting could achieve this efficiency.

Table 2.3 Ultracentrifugation of QS suspension, analysis of particle concentration by MADLS and estimation of
conjugation by RP-HPLC after 2h of conjugation

# Sample Conditions % Conjugation particles/mL
1 QS001 UCF 1000 x G, 10 min 20 5.5x 10"
2 QS004 UCF 10000 x G, 30 min 43 8.0x 101
3 QS004 UCF 100000 x G, 30 min 38 4.0 x 101!
4 QS005 UCF 600000 x G, 6 h 47 1.0x 10°
CIsN
[_Pellet
102

o1t | 8ETT et Lo

55811
g1t

10" 4

1019

10° 5

10° 4

Particles concentration (Particles/ml
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3.000g, 10min 10.000g, 30min  100.000g, 30min 600.00g, 6h
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Figure 2.12 Quantification by MADLS of the particles in all ultracentrifugation conditions that were tested after
2 h of conjugation (SN: supernantant, pellet: QS).

AMICON filtration units work by molecular weight exclusion, using a dialysis membrane as a filter to
separate all molecules above a certain molecular weight cutoff from all molecules below that cutoff
during solution centrifugation. In this case, the thiolated-PABG derivative is filtered through the
membrane and separated from the much larger nanovesicles, which are retained. The separation
efficiency obtained with AMICON filters was then compared with the best ultrafiltration conditions
(QS005 UCF). The results show that these give similar results to ultracentrifugation (Table 2.4), but one
of the samples (QS 006 Amicon) contained 1 log more particles. This shows that ultracentrifugation is
slightly better and more reproducible than separation with AMICON. However, the conjugation
efficiency on each batch (QS 005 or QS 006) is slightly different depending on the separation method
used, being higher when the AMICON filtration method is used. This suggests that the
ultracentrifugation process may affect the integrity of the QS due to the harsh mechanical forces
applied.

Table 2.4 Comparison of ultracentrufugation (UCF) and AMICON filtration (Amicon) separation methodologies.

Sample % Conjugation particles/mL
QS005 UCF 47 1x10°
QS005 Amicon 53 1x10°
QS006 UCF 7 1x10°
QS006 Amicon 19 1x 10%
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A third separation method is based on size-exclusion chromatography (SEC) methodology. SEC is the
simplest, fastest, and mildest (in terms of vesicle integrity) method for separating nanovesicles from
solutes. A pre-packed Sephadex G-25 column, with an exclusion limit of approximately Mr 5000, was
used to perform the separation of the thiolated-PABG derivative, which did not react with the QSs. The
cutoff of this column allows the separation of QSs from molecules with molecular weights below 1000,
as thiolated-PABG derivative (MW = 252 Da). This column is eluted by gravity, and as first choice we
used miliQ H,0 as eluent. In this case we did not detect any thiolated-PABG derivative in the elution
fractions.

Since the thiolated-PABG derivative is a positively charged compound due to the presence of a
guanidinyl group, it can easily interact with the polysaccharide matrix of the Sephadex resin via
hydrogen bonding, resulting in retention of the compound by the matrix and preventing its elution.
Eluents other than miliQ H,O were investigated to minimize this problem. Different solutions with
different percentages of CH3COOH in H,0 were considered as eluents to overcome this problem. First,
a solution of 10% CHsCOOH in H,0 (pH ~ 1) was selected as an eluent to perform the separation by
Sephadex G-25 chromatography of a sample from QS 006 batch (despite the low conjugation efficiency
results with this batch, it was selected as a more expendable sample). The sample was eluted with 3
mL H,0 (1 mL/fraction) and then with 10% CH3COOH in H,0 in 10 fractions of 1 mL each. (Figure 2.13,
Table 2.5). Indeed, the analysis of the fractions by RP-HPLC showed that the thiolated-PABG derivative
elutes in the acidic fractions and is not present in any of the H,0 fractions. In addition, the first acidic
fraction contains 102 particles/mL (Table 2.5), which is 0.1% of the total particle population. The 2™
and 3™ aqueous fractions, immediately before, carry 10'° and 10 particles/mL, so there is not
complete separation between QSs and the thiolated-PABG derivative. This situation is not ideal.

Table 2.5 Percentage of free thiolated-PABG derivative estimated by HPLC-PDA and number of particles/mL
determined by MADLS in the acidic elution fractions of the separation of the QS 006 by G-25 Sephadex

chromatography.
Sample % Free PABG particles/mL
QS 006 Fraction 4 36.2 1x 108
QS 006 Fraction 5 28.5 1x10°
QS 006 Fraction 6 15.9 1x10°
QS 006 Fraction 7 0.5 1x10°

OL_SEC-G25-3-PABG control Acetic
OL_SEC-G25-006 F Ac 04
OL_SEC-G25-006 F Ac 05
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Figure 2.13 RP-HPLC analysis of the thiolated-PABG derivative in the acidic elution fractions of the separation of
the QS 006 by G-25 Sephadex chromatography.
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A new formulation, QS 007, was then prepared with 4 umol Chol-PEGzg00-mal content, its pH was
adjusted to 7.5, and then it was used to perform the conjugation reaction with 0.6 (0.72 mg, 2.4 umol)
and 1.2 equivalents (1.43 mg, 4.8 umol) of thiolated-PABG derivative and TCEP (0.6 and 1.2 umol
respectively) for 2 h with gentle stirring at room temperature. The two conditions studied, which differ
in the amount of the thiolated-PABG derivative added for conjugation, were chosen after noting in all
of our previous assays the amount of free thiolated-PABG derivative that dimerizes after only 1-2 hours
of reaction and for this reason an equivalent amount of TCEP with respect to the thiolated moiety was
added to improve the conjugation. Due to the high pKa of the guanidinyl group (12.5 at 25°C),
purification was performed by size exclusion chromatography on Sephadex G25 using miliQ water and
a decreasing pH gradient of 4.5, 3.0, and 2.0. (Figure 2.14).

Conjugation rates in these assays ranged from 40 to 60% when the reaction was performed with 1.2
and 0.6 eq. of thiolated-PABG derivative, respectively (Table 2.6). PABG-derivative was eluted in the
pH 4.5 fractions. However, it is noteworthy that the MADLS analysis shows some overlap between the
acid fractions and a residual amount of up to 10*! particles/mL, representing up to 90% of the particles
loaded on the column. This suggests that it is essential to increase the length of the column and also
to use a higher resolution Sephadex G-50.

Table 2.6 Thiolated-PABG derivative percentage content and number of particles per mL of the fractions obtained
by G-25 Sephadex size exclusion chromatography of QS007 conjugation crudes with 2.4 or 4.8 umol of thiolated-
PABG derivative. Estimated rate of conjugation of PABG based ligand to QS 007.

Sample % Free PABG 2.4 umol particles/mL % Free PABG 4.8 umol particles/mL

Q5 007 pH 4.5 35 1x 101 13.1 1x 108
Fraction 1

Qs 007.pH 4.5 34.2 1x10° 44.4 1x 108
Fraction 2

s 007.pH 3.0 1.0 1x 108 1.6 1x 107
Fraction 1

QS 007 pH 3.0 0.4 1x 107 0.0 1x 108
Fraction 2

% Conjugated 61.1 - 40.9 -
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Figure 2.14 RP-HPLC analysis of the thiolated-PABG derivative contained in the acidic elution fractions generated
by Sephadex G-25 size-exclusion chromatography separation of the conjugation crude of QS 007 with the
thiolated-PABG derivative. A: Elution fractions corresponding to the conjugation reaction using 2.4 mmol of
thiolated-PABG derivative. B: Elution fractions corresponding to the conjugation reaction using 4.8 mmol of
thiolated-PABG derivative.
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2.2.3 Optimized Conjugation of P40 peptide and PABG into QSs

A similar, optimized protocol was now used to conjugate the P40 peptide (H-WHWRLPSGGGC-NH)
and the thiolated-PABG derivative, using formulation conditions (batch QS 008) 4.8 pumol of Chol-
PEG2000-mal was used and after adjusting the pH of the final QS suspension to 7, conjugation was
performed using 1.2 eq of both P40 peptide (4.8 umol) and thiolated-PABG derivative (4.8 umol). After
completion of the conjugation reaction, free ligands were separated from the QS suspension on a
longer column with Sephadex G-50, to improve the resolution observed with G-25. In addition, controls
of free P40 peptide and PABG (4.8 umol each) were loaded and eluted on the G-50 Sephadex column
to determine their recovery on this column. Elution was performed with H,O followed by CH3COOH
aqueous solutions at pH 5.5 and 4.5. This optimized protocol incorporates all that we have learned
from previous assays such as the use of 4 umol Chol-PEGz000-mal content, the conjugation once the
QSs were stabilized, i.e. one day after their formulation, and the use of size exclusion chromatography
as an effective separation technique that preserves the integrity of the nanovesicles. However, we
introduce a new stationary phase in G-50 instead of G-25 and in a longer column to increase the
resolution and to better separate the nanovesicles, which elute earlier with water, from the ligands,
which elute later with weak acid solutions. The results of the control size exclusion chromatography
give recoveries of 84% for the P40 peptide (Figure 2.15, A and Table 2.7) and 86% for the thiolated-
PABG derivative (Figure 2.15, B and Table 2.7). Although the recovery data are high, this technique
does not allow a complete recovery of the ligands loaded on the stationary phase. This is taken into
account when calculating the conjugation rates for both.

Table 2.7 Estimation of recovered P40 peptide and thiolated-PABG derivative from size-exclusion
chromatography in Sephadex G-50

Sample P40 peptide PABG
Area % Recovery Area % Recovery

Control 3029644 100 561071 100

H20 FO1 18750 0.62 0 0

H.0 F02 3483 0.12 0 0

H.0 F03 2236 0.07 0 0
pH 5.5 FO1 1589 0.05 0 0
pH 5.5 FO2 1740541 57.45 425253 75.79
pH 4.5 FO1 678519 22.39 58465 10.42
pH 4.5 FO2 35360 1.16 0 0
Acetic 10% 60907 2.01 0 0

Total 2541385 83.88 483718 86.21
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Figure 2.15 RP-HPLC analysis of the control ligand elution fractions obtained by size exclusion chromatography
on Sephadex G-50 eluting with acetic acid solutions of pH 5.5 and 4.5. (A) P40 peptide and (B) thiolated-PABG
derivative.

Conjugation results are approximately 59% for the P40 peptide (Figure 2.16, A and Table 2.8) and 63%
for the thiolated-PABG derivative (Figure 2.16, B and Table 2.8). These are the best results to date and
are close to conjugation rates reported in the literature.’””® Whether higher loadings can be achieved
is not certain, as it is not easy to know how much available maleimide is exposed, how much is directed
toward the inside of the particle and thus not available, or whether the functional group is accessible
enough. In addition, we achieved excellent separation as shown by MADLS, where the particles
remaining in suspension after passing through the column were in the range of 10°-107, representing
less than 0.01% of the particles entering the column, most of which were eluted in the first H,O
fractions. This is also the best removal of particles from the suspension that we have achieved, making
Sephadex G-50 the ideal separation method.

o 0207
i  OL_PO3bas 1 ~ OLPABGLam B
ol A OL_SECG50_P03 QS008 5.5 FO1 { B —— OL_SECGS0_PABG Q5003 5.5 F01
. OL_SECG50_P03 QS008 5.5 F02 018} OL_SECG50_PABG QS005 5 5 F02
g OL_SECG50_P03 QS008 4.5 FO1 I OL_SECG50_PABG QS008 4.5 FO1
a0 “ —— OL_SECG50_P03 QS008 4.5 F02 o6l —— OL_SECGS50_PABG QS008 4.5 F02
i w0
o asd] 8 |
1 o e © ]
1 < T £ |
5 2 t <
1 * 0129 £ 1
| 8 g8
] o
050 - @19 ] & 8 %
2] 1l 5 00f ! g &8
] 1 < 17
s 3 ] ‘
] qle = 1 I &
1 4L ] b {
g | 006 — o "‘ - =
] 2 1
o] 3 | g8
1 ! it Lo v <
! i | | Ji
] s
{ © N 0o B
Ll 4 3
] Y { <
o] — ] .
i 0001 T
2 4o 60 800 100 1200 “m 200 ako 600 800 1000 1200 1400
Mntes Mines

Figure 2.16 RP-HPLC analysis of the fractions obtained by size exclusion chromatography on Sephadex G-50
eluting with acetic acid solutions of pH 5.5 and 4.5 of the conjugation crude of QS 008 with P40 peptide (A) and
thiolated-PABG derivative (B).
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Table 2.8 Ligand percentage content and number of particles per mL of the fractions obtained by G-50
Sephadex size exclusion chromatography of QS008 conjugation crudes with P40 peptide or thiolated-PABG
derivative. Estimated rate of conjugation of the two ligands to QS 008.

Fraction % Free P40 peptide Particles/mL % Free PABG Particles/mL
5.5 F01 0 107 1.1 10°
5.5 FO2 21.8 10° 21.6 107
4.5 FO1 8 10° 2.3 107
4.5 F02 0.1 10° 0 10°
Total 29.9 2x107 25.1 1.1x 107
Conjugated 58.8 62.8

2.2.4 Complexation of thiolated-PABG-functionalized quastomes with miR-323a-5p RNA and
transfection assays

Once the conjugation process was established, complexation of mi-RNA 5 with the modified QSs was
performed. These experiments were carried out by Julia Piqué from the Nanomol group (ICMAB-CSIC).
Therapeutic RNA miR-323a-5p was complexed to three QS versions, the free QS (non-functionalized),
QS functionalized with Chol-PEGz000-mal (QS-mal) and QS functionalized with PABG (QS-PABG). The
three QS versions were prepared according to the previously described procedures (section 2.2.3).
Complexation with miRNA was performed at RNA:QS ratios ranging from 1:6 to 1:0.4. Non complexed
RNA was determined by electrophoresis in a 2% agarose gel (Figure 2.15).
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Figure 2.15 Agarose electrophoresis of non-complexed RNA in QS (A) QS-mal (B) and QS-PABG (C) at different
RNA:QS ratios.

The results show that the minimum RNA:QS ratio at which all the added RNA is successfully complexed
is 1:1.5 (Figure 2.15, A to C, lane 7). At this ratio and higher, complexation of RNA to the nanovesicle is
complete. Below this level, free RNA is detected. The loading capacity of the nanovesicle is then about
50% of its molar amount. There is no significant difference between the formulations. Thus, the
addition of a maleimide function via a Chol-PEG2000-mal and its conjugation with a thiolated-PABG does
not affect the complexation of RNA by the nanovesicle. A cell uptake assay was then performed in the
SK-N-BE(2) neuroblastoma cell line, using a fluorescent miRNA that was complexed in each of the three
formulations: QS (Figure 2.16, A), QS-mal (Figure 2.16, B) and QS-PABG (Figure 2.16, C). The
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fluorescent probe was visualized by confocal microscope (experiments carried out by Dr. Ariadna
Boloix from VHIR).

carrying a miRNA fluorescent reporter.

The results clearly show that both QS formulations containing Chol-PEG2000-mal and Chol-PEG;000-PABG
are inefficiently taken up by the neuroblastoma cell (Figure 2.16, B and C), indicating that the PEG
moiety may interfere with the uptake of the nanovesicle. This may be due to the high molecular weight
of the PEG and the hydrophilicity it confers on the surface of the nanovesicle, both of which are
incompatible with an endocytic uptake process. Therefore, lower amounts of Chol-PEG2000-mal (1 and
2 umol) were considered and a shorter PEG (Chol-PEGio00-mal) was investigated.
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non conjugated and conjugated with thiolated-PABG
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Figure 2.17 Agarose electrophoresis of non-complexed RNA in QS-PEG2000-mal 1 umol (A) QS-PEGz000-mal 2 pmol
(B) and QS-PEG1o00-mal 1 pmol (C) QS-PEGio00-mal 2 umol (D) from complexation experiments with decreasing
RNA:QS ratios from 1:6.2 to 1:0.4 and showing free RNA controls. All cases are studied with (bottom gels) and
without (upper gels) conjugation to thilolated PABG derivative.

In all cases, both with 1000 and 2000 PEG and using 1 and 2 umol, the results of RNA complexation
remain the same as the previous experiment, with 1:1.5 of RNA:QS ratio as the minimal relation
between the two for a successful complexation (Figure 2.17 A to D). Neither the modification of the
PEG length nor its molar amount within the formulation affect the capacity of the nanovesicle to
complex the RNA, as can be expected.

For the uptake assay, IMR-90 cell line was chosen as a control as it does not express the target
receptors, while IMR-32 does express the hNET and Trkb receptors and was chosen as the target tumor
cell type for this assay

3%PEG2K-MAL 1.5%PEG2K-MAL 3%PEGIK-MAL 1.5%PEGIK-MAL
DC-CholMKC (1:1) #57 3%PEG2K-MAL-PABG0.3 1.5%PEG2K-MAL-PABG0.3 3%PEGIK-MAL-PABG0.3 1.5%PEGIK-MAL-PABG0.3

Figure 2.18 Formulation uptake assay in the IMR-32 neuroblastoma cell line for QS formulation with or without
conjugation with thiolated-PABG and with 1 or 2 umol.

The results of this assay show improved uptake activity for QSs formulated with Chol-PEGig00-mal
(Figure 2.18, D and E) and conjugated with thiolated-PABG (Figure 2.18, | and J), compared with the
same sample formulated with Chol-PEG2000-mal (Figure 2.18, B and C) and their conjugated with
thiolated-PABG (Figure 2.18, G and H). Lipofectamine and a QS nanoformulation of DC-Chol/MKC (1:1)
were used as non-specific RNA transfection controls (Figure 2.18, A and F).
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These results indicate that the uptake of QS by the cell is affected by the length and amount of the
PEGyl moiety and that the use of lower amounts and smaller sizes of PEG has increased this uptake
activity when assessed in the IMR-32 cell line.
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Chapter 3

Selection of a carbodiimide alternative to DIC to minimize the
generation of HCN
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3.1 Introduction

N,N’-diisopropylcarbodiimide (DIC) is a reagent that has been used for decades to form amide bonds*'4

and has replaced the classic N,N’-dicyclohexylcarbodiimide (DCC)*! in solid-phase peptide synthesis
(SPPS) mainly because the by-product of the coupling reaction, N,N’-diisopropylurea, is more soluble
than N,N’-dicyclohexylurea in the common organic solvents used in this process.'®? Consequently, DIC
allows for much easier cleanup between steps and purification of the final product at the end. For this
reason, DIC has been widely employed in combination with coupling additives for manual and
automated solid-phase peptide synthesis.’®* Coupling additives minimize the racemization in the a-
carbon of the amino acid upon activation.'* This undesirable secondary reaction is related to the
acidity of the a-hydrogen of the amino acid and the high reactivity of the O-acylisourea intermediate
(Figure 3.1).%°

highly reactive

X non-reactive
NH
o)_ }_{0

R ®
Ry 00 RN=C—NHR

Em—

X
J—NH o
o + RN=C=NR N _ N
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o x~ 0 x~©
protected amino acid carbodiimide
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~
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R, and racemizable
H

i
RHN—C—NHR  +
urea

X =Fmoc, Boc

R4, R; = amino acid side chain
R = carbodiimide substituent O
Y = link to peptide chain or resin

peptide bond formed L-amino acid peptide bond formed D-amino acid

Figure 3.1 Mechanism and side reactions of Ne-protected amino acid activation and coupling by a carbodiimide
and HOBLt.

Oxyma is one such additive that has recently become established as one of the key reagents in SPPS*8,
replacing the classically used HOBt!'> due to safety concerns regarding its potential explosive
properties.’” Oxyma, and previously other additives, avoid the secondary reactions associated with
the O-acylisourea intermediate that result in the loss of chiral integrity by reacting with it to produce
a less reactive but still active ester that serves as a powerful acylating reagent without the problems
associated with O-acylisourea (Figure 3.2).%°

91



Chapter 3 Selection of a carbodiimide alternative to DIC to minimize the generation of HCN

highly reactive

X non-reactive

NH
0}_ a

R

R ®
R, 08  RN=C—-NHR

X)_
NH o R R
1 1 R4
0 M4 + RN=C=AR N N/g! N/gz N—H
R, OH = —
0 \ 0 = o= o
X)\o X)\o X/Lo
protected amino acid carbodiimide
X%NH o K Oxazolone /
o o < ,< _ ) Y .
Tl Ry O-N (o} reactive poorly reactive &
RHN-C-NHR  + )—/{ Ry  and racemizable
urea Vi o n—H
oxyma ester N T )\\ (o]
X o
0 X)ﬁ X
NH O %NH o)
HO. N\ O~ * o { o
NJY R R

X =Fmoc, Boc o
R4, R, = aa side chain O O
R = carbodiimide substituent

Y = peptide-resin link peptide bond formed L-amino acid peptide bond formed D-amino acid

Figure 3.2 Mechanism and side reactions of No-protected amino acid activation by carbodiimide and oxyma.

The combination of DIC and oxyma as a coupling reagent mixture has been successfully used in SPPS
for over a decade, both in manual and automated peptide synthesis, with particular relevance in the
latter, where it is the main coupling reagent mixture suggested by the manufacturers (CEM Corp.,
Biotage, CSBio, Gyros Protein Techonologies). This combination allows synthesis in much shorter times
under high temperature conditions (75 to 90°C) with minimal side reactions. The DIC/oxyma mixture
can be used under these conditions even if the sequence contains the racemization-prone cysteine
(Cys) and histidine (His) residues in their standard trityl side-chain protected variants.18418

However, this particular combination has recently been reported to have a drawback: the unwanted
formation of hydrogen cyanide (HCN).22%121 HCN is a toxic gaseous compound that acts rapidly by
binding ferric heme groups, including those present in the proteins hemoglobin and cytochrome ¢
oxidase, resulting in disruption of electron transport chain activity, severe hypoxia, and ultimately
death.’?>187 The proposed mechanism for the formation of this dangerous by-product is illustrated in
Figure 3.3. It begins with an acid-base exchange between oxygen and the carbodiimide (1 and 2),
followed by the formation of an adduct (3), which then undergoes cyclization (4) to form an oxadiazole
(5) with the concomitant release of HCN.

It is therefore important to investigate alternatives to DIC that can minimize the generation of HCN
while maintaining the excellent performance of DIC in obtaining high quality peptides. This is critical
considering that peptides that show promise for bioactivity and pharmaceutical application require
production scale-up.

Given the effectiveness of oxyma as an additive, the objective of this chapter is to evaluate the
performance of four additional carbodiimides when used in conjunction with oxyma in peptide
synthesis in comparison to DIC. The chemical structure of these carbodiimides is believed to strongly
influence the formation of the cyclic oxadiazole intermediate, thereby preventing the release of HCN.
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Figure 3.3 Proposed mechanism of reaction for the release of HCN. Carbodiimide and oxyma undergo an acid-
base exchange (1 and 2) and form an adduct (3) which transitions into a cyclic compound (4). This product can
then form an oxadiazole (5) releasing HCN.

3.2 Results and Discussion

3.2.1 Performance of five carbodiimides in the synthesis of model peptides

The carbodiimides selected for this study were N-ethyl-N'-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC*HCI), N,N'-di-sec-butylcarbodiimide (DSBC), N,N'-di-tert-butylcarbodiimide
(DTBC), and N-tert-butyl-N'-ethylcarbodiimide (TBEC). (Figure 3.4), which were compared to N,N’-
diisopropylcarbodiimide (DIC) in the synthesis of two model peptides, to evaluate their to investigate
peptide synthesis efficiency and propensity to generate oxadiazole intermediates and release HCN.

Ns J\ \/N\ Ns J< Ns J\/ N J<
S ~Cs 2 Cs N
\( C‘\N SN X c\\N /\r N c\\N

DIC EDC DTBC DSBC TBEC

Figure 3.4 Structure of the five carbodiimides studied

The selected carbodiimides represent some contrasting properties: 1) symmetric vs. asymmetric (DIC,
DSBC and DTBC vs. TBCE and EDC), 2) bulky/hindered substituents vs. unhindered/small substituents
(DTBC, DSBC vs. DIC, EDC and TBEC), and 3) substituents with primary, secondary and tertiary carbons
directly attached to the nitrogen (Cprimary-N: DSBC and EDC; Csecondary-N: DIC; Ciertiary-N: DTBC and hybrid
Corimary-N With Ciertiary-N: TBEC).

The performance of the five commercially available carbodiimides in SPPS was evaluated using two
model peptides: lle>3-Leu-enkephalin (H-YIIFL-NH,) and Leu-enkephalin (H-YGGFL-NH,), shown in
Figure 3.5. lle?3-Leu-Enkephalin contains two B-branched residues in a row (lle-lle) as an example of
challenging couplings. The peptides were manually synthesized by solid phase, following the Fmoc/tBu
strategy using Rink Amide AM resin as solid support. The final crude peptides were released from their
respective peptidyl-resins using standard acydolitic cleavage conditions (TFA:TIS:H,0, 95:2.5:2.5 ,
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v/v/v). The peptide crudes were analyzed by high-performance liquid chromatography (HPLC) and
liguid chromatography-mass spectrometry (LC-MS).

A B

O 0] o »
H H 0} o}
NI NI H H

N N
2 NH 0 . o =
HO Y HO 2 Y
Chemical Formula: CygH3gNgOg Chemical Formula: C3gH54NgOg
Molecular Weight: 554.65 Molecular Weight: 666.86

Figure 3.5 Structure of the two model peptides synthesized, Leu-Enkephalin (A) and lle?3-Leu-Enkephalin (B)

Figure 3.6 shows the different HPLC traces corresponding to the peptides synthesized using the
different carbodiimides in the coupling mixture are shown. The results show that the different
substituents attached to the nitrogen of the carbodiimide affect the quality of the final product. These
results are summarized in Table 3.1.

Table 3.1 Purity determined by HPLC-PDA of the peptides synthesized using different carbodiimides with

oxyma.
# Carbodiimide Leu-Enkephalin lle?3-Leu-Enkephalin
% Impurities % Impurities
1 DIC >99 - 97 -Y, -l
2 EDC-HCI 90 - 80 -Y, -Vl
3 DTBC 73 -G, -F, -GF 40 -Y, -l, -F, -ll, -YI
4 DSBC 91 -Y, -G 83 -Y, -l
5 TBEC 98 -G 97 -Y

Both DIC and TBEC yielded excellent results, with final compound purities of approximately 99% for
Leu-enkephalin and 97% for lle?3-Leu-enkephalin, which is a more synthetically challenging peptide
(Figure 3.6 A, B, 1 and J; Table 3.1, #1 and #5). On the other hand, peptides synthesized with DSBC and
EDC-HCI, yielded crude products of slightly lower quality, showing with 90-91% purity for Leu-
enkephalin and 80-82% purity for lle?3-Leu-enkephalin (Figure 3.6, C, D, G and H; Table 3.1, #2 and
#4).

The use of a sterically hindered DTBC gave the worst result, which is unacceptable in SPPS. The purity
of the crude peptides was approximately 40% for Ile>*-Leu-enkephalin and 72% for Leu-enkephalin
(Figure 3.6 E and F; Table 3.1, #3). This is a suboptimal quality product, considering the length of this
peptide. The number of impurities present in these products is higher with this carbodiimide, as was
evidenced by LC-MS characterization (Figure 3.8, C). It was observed that the use of DTBC leads to the
highest number of truncated peptides resulting from different amino acid deletions due to incomplete
couplings (Table 3.1, #3).
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Figure 3.6 Chromatograms of crude peptides Leu-Enkephalin (A, C, E, G and I) and lle*3-Leu-Enkephalin (B, D, F,
H, and J) synthesized with DIC (A, B), EDC (C, D), DTBC (E, F), DSBC (G, H) and TBEC (1, J) in a 5-100% B gradient

(A: H20 + TFA 0.045%, B: CH3CN + TFA 0.036%).



Chapter 3 Selection of a carbodiimide alternative to DIC to minimize the generation of HCN

These results indicate that TBEC has the closest performance to DIC, with the least quantitative
deletions in the sequence (Figure 3.6, | and J; Table 3.1). In general, it was observed that the alkyl
groups of carbodiimides negatively affect the synthesis when they are more sterically hindered. Bulkier
groups make it more difficult to form the reactive O-acylurea, resulting in slower couplings and
incomplete reactions after 30 minutes of reaction. This is clearly seen with DTBC (Figure 3.4; Figure
3.6, E and F; Table 3.1, #3), which has tert-butyl substituents. This tertiary carbon directly attached to
the nitrogen atom affects its reactivity by steric hindrance. The sec-butyl substituents of DSBC, which
represent a secondary carbon attached to the nitrogen atom, work adequately (Figure 3.4; Figure 3.6,
G and H; Table 3.1, #4). DSBC is structurally similar to DIC, but is slightly more hindered, which may
explain its slightly lower performance in SPPS. Carbodiimides with primary carbon substituents such
as the ethyl present in both EDC and TBEC also show high purity end products (Figure 3.4; Figure 3.6,
C, D, I and J; Table 3.1, #2 and 5). It can be assumed that TBEC is rapidly converted to an active O-
acylurea by the nitrogen bound to the ethyl substituent, as it is less hindered than the tert-butyl
moiety. This rapid reaction combined with the unreactive tert-butyl substituent results in a product
comparable to that obtained with DIC. Similarly rapid conversion to the corresponding active O-
acylurea is expected for EDC, which has shown similar synthetic performance to DSBC. In addition to
the adequate performance of EDC, this reagent is also the most commonly used carbodiimide in
solution synthesis because of the water solubility of the urea by-product at the end of the reaction,
which allows for easy extraction with aqueous solutions. However, it is not as inexpensive as DIC, and
some care must be taken to prevent its hydrolysis to its urea by-product by ambient moisture.'® |t
also undergoes self-cycling to two tautomeric forms, one of which is non-reactive.'®® This may be the
reason for its synthesis performance being similar to that of DBSC but lower than that of DIC and TBEC.
Therefore, from the perspective of synthesis performance, DSBC and TBEC could initially be considered
as suitable candidates to replace DIC in SPPS.

3.2.2 Formation of the oxadiazole in carbodiimide/oxyma mixture as indicator of HCN release

For this study, we have considered oxadiazole formation as a marker of HCN release (see Figure 3.3).
To determine which of the selected carbodiimides has the least capacity to generate the unwanted
HCN by-product, we analyzed the formation of the carbodiimide-oxyma adduct and the corresponding
oxadiazole when the five reagent mixtures were incubated in DMF at 25°C and 60°C for 24 hours and
analyzed by LC-HRMS. In the absence of the protected amino acid in the solution, the oxadiazole side
reaction was forced to occur.

The results are summarized in Table 3.2 and in Figure 3.7. The results obtained with DIC are consistent
with those reported by Eli Lilly and Polypeptide groups (Table 3.2, #1, 6, 11).120121 When the reaction
was performed with DSBC, which is structurally similar to DIC, no linear adduct is identified following
the trend of DIC (Figure 3.7, D), and the cyclic oxadiazole formation occurs to a lesser extent. These
results can be explained by the fact that DSBC is slightly more hindered than DIC due to its sec-butyl
substituents, and therefore the reaction with oxyma is slightly less favorable. At 60 °C the linear adduct
is again not identified, but the amount of oxadiazole has increased slightly. The importance of the steric
hindrance was confirmed by studying the reaction with DTBC, where the carbodiimide moiety is
flanked by two tert-butyl groups. In this case, the carbodiimide remained unchanged even after 4 days
at 25 °C (Figure 3.7, C; Table 3.2, #8) or 18 hours at 60 °C (Figure 3.7, C; Table 3.2, #13).
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Figure 3.7 LC-MS traces of the crude reaction between oxyma with DIC (A), EDC (B), DTBC (C), DSBC (D) and TBEC
(E) after 1d at 25°C (black line), 4d at 25°C (blue line) or 18 hrs at 60°C (pink line).

When the reaction was studied with the much less hindered EDC-HCI (asymmetric carbodiimide with
ethyl and 3-dimethylaminopropanyl groups flanking the carbodiimide moiety), no formation of the
oxadiazole was detected, but the presence of the linear adduct was the most important in all the series
(Table 3.2, #2, 7, 12). Due to the asymmetry of EDC-HCI, two peaks for the linear adduct appeared in
the chromatogram (Figure 3.7, B).
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Table 3.2 LC-HRMS analysis results of the crude reaction of oxyma with the different carbodiimides

Time Temperature # Carbodiimide Oxyma [%] Linear adduct [%] Oxadiazole [%]
1 DIC 88.9 3.5 7.6
EDC-HCI? 26.3 15.0 -
2 EDC-HCIP - 58.7 -
24 h 25°C
3 DTBC 100 - -
4 DSBC 94.7 - 2.6
5 TBEC 71.8 28.2 -
6 DIC 87.7 2.6 9.7
; EDC-HCI? 38.9 15.8 -
EDC-HCIP - 453 -
4d 25°C
8 DTBC 100 - -
9 DSBC 93.2 - 3.4
10 TBEC 75.8 23.7 0.6
11 DIC 78.6 2.4 18.9
1 EDC-HCP 47.2 133 -
18 h 60 °C EDC-HCIP . 395 .
13 DTBC 100 - -
14 DSBC 78.5 - 10.5
15 TBEC 83.5 10.4 6.1

a, b The EDC reaction with oxyma shows two products for the linear adduct because it can react via either of
the nitrogen atoms. The asymmetry of the carbodiimide gives two adducts that are distinguishable by RP-HPLC.

Finally, TBEC is a carbodiimide that combines the properties of DTBC and EDC, due to its substituents,
the tert-butyl, which due to its steric hindrance induces low reactivity of the associated nitrogen and
the less bulky ethyl group, which gives only the linear adduct, without progressing to the cyclic
oxadiazole structure. As such, it behaved as expected from the DTBC and EDC-HCI results, with some
linear adduct formation but, crucially, negligible oxadiazole formation and thus little release of HCN
(Figure 3.7, E; Table 3.2, #5, 10 and 15). Under the most energetic conditions (18 h at 60 °C) some
oxadiazole formation was detected. However, the amount was three times lower than for DIC under
the same conditions (Table 3.2, #11 and #15).

All carbodiimides tested are less likely to release HCN than DIC at 25 °C after one and four days. EDC,
DTBC and TBEC show no oxadiazole by-product at all. At 60 °C, all carbodiimides also have a lower
tendency to release HCN than DIC, and EDC and DTBC do not release HCN under these conditions. In
terms of peptide synthesis performance, only TBEC is fully comparable to DIC in the synthesis of the
model peptides in SPPS. Therefore, we can confidently say that TBEC is the best alternative to DIC. Its
use at 25 °C produces no by-production of HCN and at 60 °C produces three times less by-production
of HCN compared to DIC. This, along with its excellent performance in SPPS, makes TBEC the best
candidate to replace DIC (Figure 3.8).
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Figure 3.8 Schematic summary of the influence of the substituents on carbodiimide reactivity and its effects on
synthetic performance of the model peptides and its ability to generate oxadiazole as a marker of HCN release.

3.2.3 Synthesis of a MSLN peptide using TBEC

In order to assess the viability of TBEC as a coupling reagent in a biologically relevant peptide, we
selected the MSLN2 P6 peptide sequence and synthesized it using a microwave-assisted methodology
using both TBEC and DIC as the carbodiimide for the coupling reaction. We chose this sequence as a
the first candidate to be tested outside of the model peptides used in this study because it is a short
sequence with a high density of hydrophobic residues, B-branched residues and repetitive motifs. As
such, it represents a modestly challenging synthesis. The HPLC and LC-MS characterization of the
crude peptide product shows that TBEC is comparable to DIC as both crudes have purities above 95%
(Figure 3.9)

A P6 MSLN2 peptide synthesized with DIC B P6 MSLN2 peptide synthesized with TBEC
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Figure 3.9 RP-HPLC characterization of A: P6 peptide synthesized with DIC, B: P6 synthesized with TBEC, in a Cs
column using gradients of A: 90-100B%, B: 80-100B% (A: H20 + TFA 0.045%, B: CH3CN + TFA 0.036%).
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3.2.4 TBEC urea solubility evaluation

After selecting TBEC as the carbodiimide to replace DIC, the solubility of TBEC-derived urea in highly
concentrated solutions was studied. For SPPS, this is an important property to study because the
quality of the synthesis depends in no small part on the solubility not only of the reagents used, but
also of the major reaction products that remain in solution, the most important of which is the
substituted urea derived from the carbodiimide. Poorly soluble urea by-products are difficult to wash
out in the cleaning steps between coupling cycles. It should be noted that N,N'-diclohexylcarbodiimide
(DCC), long a staple for generating amide bonds in solution, has been discarded in favor of DIC for SPPS
due to the insolubility of the corresponding urea. In this context, 1M solutions of TBEC or DIC were
prepared with Oxyma and Fmoc-L-Ala-OH and the urea precipitation was observed. By visual
inspection, after 5 minutes of reaction, it was found that 1,3-diisopropyl urea (derived from DIC)
precipitated quantitatively (Figure 3.10, left), while 1-ethyl-3-(tert-butyl) urea did not (Figure 3.10,
right). This makes it easier to remove TBEC-mediated activation and coupling by-products by filtration
than with standard DIC. This simple data further enhances its applicability in scaled-up peptide
syntheses by facilitating by-product (urea) removal with less solvent consumption for washing the solid
support.

Figure 3.10 Solubility of ureas derived from the reaction of DIC (left) and TBEC (right) with Fmoc-L-Ala-OH at 1M.
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4.1 Materials
4.1.1 Reagents

Reagent

Provider

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride

Iris Biotech GmbH

1-tert-butyl-3-ethylcarbodiimide

Kemilab Organics

1,2-ethanedithiol

Merck KGaA

2-chlorotrityl chloride resin (1.6 mmol/g, 100-200 mesh)

Iris Biotech GmbH

2,2,2-trifluoracetic acid Fluorochem
3-(tritylthio)propanoic acid Fluorochem
3B-[N-(N',N'-dimethylaminoethyl)-carbamoyl]cholesterol Sigma Aldrich®
4-aminobenzylamine Sigma Aldrich®
4-dimethylamino pyridine Sigma Aldrich®

4-(4-Hydroxymethyl-3-methoxyphenoxy)butyric acid
Chemmatrix® resin (0.4 mmol/g, 35-100 mesh)

Sigma Aldrich®

5(6)-carboxyfluorescein Sigma Aldrich®
Acetic anhydride Sigma Aldrich®
Amino acids:

Fmoc-L-Ala-OH*H,0, Fmoc-L-Arg(Pbf)-OH, Fmoc-L-Asn(Trt)-OH,
Fmoc-L-Asp(tBu)-OH, Fmoc-L-Cys(Trt)-OH, Fmoc-L-GIn(Trt)-OH,
Fmoc-L-Glu(tBu)-OH*H,0, Fmoc-Gly-OH, Fmoc-L-His(Trt)-OH,
Fmoc-L-lle-OH, Fmoc-L-Leu-OH, Fmoc-L-Lys(Alloc)-OH, Fmoc-L-
Lys(Boc)-OH, Fmoc-L-Lys(Fmoc)-OH, Fmoc-L-Lys(Mmt)-OH, Fmoc-
L-Met-OH, Fmoc-L-Phe-OH, Fmoc-L-Pro-OH*H,0, Fmoc-L-
Ser(tBu)-OH, Fmoc-L-Thr(tBu)-OH, Fmoc-L-Trp(Boc)-OH, and
Fmoc-L-Tyr(tBu)-OH, Fmoc-L-Val-OH, H-L-Lys(Fmoc)-OH

Iris Biotech GmbH

Benzotriazol-1-yl-oxy-tris-pyrrolidino-phosphonium
hexafluorophosphate (PyBOP)

Fluorochem

Chloranil

Sigma Aldrich®

Cholesterol-PEGzg00-maleimide

BroadPharm

Ethyl 2-hydroximino-2-cyanoacetate (OxymaPure®)

Iris Biotech GmbH

Fluorescein-5-maleimide

Sigma Aldrich®

Fmoc-amino-PEG-propionic acid (n=23) Polypure AS
Formic acid Merck KGaA
Myristalkonium chloride TCI

Hydroxybenzotriazole monohydrate

Iris Biotech GmbH

N,N-DiBoc-1H-pyrazole-1-carboxamidine

Fluorochem

N,N-diisopropylcarbodiimide

Kemilab Organics

N,N-diisopropylethylamine

Sigma Aldrich®

N,N-di-sec-butylcarbodiimide

Kemilab Organics

N,N-di-tert-butylcarbodiimide

Kemilab Organics

Ninhydrin

Merck KGaA

Palmitic acid

Merck KGaA
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Phenol Merck KGaA
Phenylsilane Sigma Aldrich®
Piperidine Merck KGaA
Potassium cyanide Merck KGaA
Rink Amide AM resin (0.71 mmol/g, 100-200 mesh) Iris Biotech GmbH
Rink Amide ProTide™ resin LL (0.18 mmol/g, 100-200 mesh) CEM Corp
Sephadex G-25 Cytiva
Sephadex G-50 Cytiva
Triisopropylsilane Merck KGaA
Tris(2-carboxyethyl)phosphine hydrochloride Merck KGaA
4.1.2 Solvents
Solvent Provider
Acetone CO(CHs), Merck KGaA
Acetonitrile CHsCN Carlo Elba
Dichloromethane CHCl, Carlo Elba
Diethylether Et,0 Carlo Elba
Dimethylsulfoxide Carlo Elba
Ethanol EtOH Carlo Elba
Methanol MeOH Carlo Elba
H,0 milliQ -
pyridine Merck KGaA
toluene Merck KGaA
N,N-dimethylformamide Carlo Elba
4.1.3 Instrumentation
Instrument Provider Software
Liberty Blue

Liberty Blue™ automated peptide synthesizer

CEM Corp.
with a Discovery® microwave synthesizer. orp

Application software
v2.26929.26168

Arc™ HPLC system with Sample Manager FTN-R,
2998 PDA detector and Quaternary Solvent Waters
Manager R

Empower 3 Pro build
3471

Alliance™ HT LC-MS system with 2975
Separations module, 2996 PDA detector and Waters
micromass ZQ mass spectrometer.

MassLynx v4.1

Empower 3 Pro build

PrepLC semi-preparative HPLC system Waters 3471
Hei-VAP Advantage rotary evaporator Heidolph

CombiFlash® Rf flash chromatography system Teledyne ISCO

Digicen 21 R centrifuge Orto Alresa
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VirTis SP Scientific liophilizer Benchtop Pro

4.2 General synthetic methods

4.2.1 Microwave-assisted synthesis

Peptide synthesis was conducted using low-loading resin Rink Amide ProTide LL (0.18 mmol/g, 100-
200 mesh) in a Liberty Blue™ automated peptide synthesizer. For each peptide, 0.556 g of resin were
employed (0.1 mmol scale). The resin was placed in a polypropylene syringe and swelled using DCM
(three washes of one minute each, with the solvent aspirated into a manifold after each wash).
Thereafter, the resin was transferred to the reaction vessel of the Liberty Blue™ automated peptide
synthesizer.

The reagents were prepared as follows: All amino acids were prepared at a concentration of 0.2 M in
DMF, the activator at 0.5 M in DMF, oxyma at 1 M in DMF, and piperidine at 20% v/v in DMF. The
volumes of each solution were calculated using the Liberty Blue™ software, with the calculations
dependent on the specific sequence in question. A synthesis method was then constructed for each
peptide sequence using the Liberty Blue™ software, based on a standard method (see Table 4.1). The
solvents and reagents were loaded into their respective recipients in the equipment, and the synthesis
was initiated and monitored at designated intervals until completion to identify and address any
potential issues.

The standard coupling and deprotection methods employed in the Liberty Blue™ synthesizer are
outlined in Table 4.1. Typically, these microwave methods remained unaltered and were utilized as
the default setting for each single coupling and double coupling cycle. These cycles operated with
fixed quantities of the reagent solutions to perform the deprotection and coupling cycles, and these
are summarized in Table 4.2.

Table 4.1 Microwave settings for Standard Deprotection and Coupling

Step T (°C) Power (W) Hold Time (s)?
75 155 15
Deprotection
90 30 50
75 170 15
Coupling
90 30 110

a Increased by 30% for the long peptide cycles

Table 4.2 Reagent Mix for deprotection and coupling steps

Step Reagent Stock Conc. Vol. (mL)? Final Conc.
Deprotection Piperidine 20% v/v 4 20% v/v
DIC 0.5M 1
Coupling OxymaPure® 1.0M 0.5 0.125 M
Fmoc-amino acid-OH 0.2M 25

a Increased by 30% for the long peptide cycles
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The method was modified depending on the sequence, with the introduction of cycles of double
coupling that involved a 30% increase in both reaction times and reagent volumes when the peptide
sequence consisted of more than 20 residues. A summary of the synthetic profile for each sequence
is presented in Table 4.3.

Table 4.3 General coupling Scheme for peptides synthesized in the Liberty Blue equipment

Long Peptide

Long Peptide

Peptide ID Single Coupling Double Coupling Double Coupling  Triple Coupling
MSLN1 P1-P3 Val15 to Glu6 Val5 to Prol
MSLN2 P4-P6 LeulO to Asp5 Leu4 to Alal
MSLN3 P7-P9 Leu9 to Phe7 Leu6 to Ser 1
MSLN4 P10-P12 Leu38 to Phe36 Leu35 to Leul9 Alal8 to Prol
1 P13, P14 Leul>tollel0, by g5 1le3, GInt
Tyr 2
LeulO to Pro8,
OocCcv1 P15 Tyr3 to Lysl Arg7 to Leud
ocv2 P16 lle3 to Leub, Tyr2, Leus to Gly3
Serl
ocv3 P17 Ile9, Asn7 to Val3 Arg8, Phe2, Argl
Arg30, Phe25,
ocva P18 G'T‘;zi ;‘)Tvillzf' Glu20, Leul8 to Lys12 to Lys1
P2 ¥ Gly15, Ser13
K-Ras1 P19, P23 GIn25 to Leul9 Ala 18 to Leu6 Lys5 to Metl
K-Ras2 P20, P24 GIn25 to Leul9 Ala 18 to Leu6 Lys5 to Metl
GIn22 to Tyr,
K-Ras3 P21, P25 Leu4? to lle37 Phe36 to Leu23 Thr2, Met 1 Glu3
GIn22 to Tyr,
K-Ras4 P22, P26 Leu4? to lle37 Phe36 to Leu23 Thr2, Met 1 Glu3

4.2.2 Manual synthesis protocol

This protocol was used for the synthesis of neuroblastoma targeting peptides, the peptide fragments
for the K-Ras convergent synthesis, the core of several MAP constructs, and the CF-LUC1-Cys, Ac-Leu-
enkephalin, Ac-endomorphin, and Ac-adrenomorphin peptides. The final use of the peptides
determined the choice of solid support, depending on whether they were ultimately used as peptide
fragments in a convergent synthesis (C-terminal: carboxylic acid) or as final peptides (C-terminal:
amide). Table 4.4 shows the type of resin used for each peptide.

Table 4.4 Resin type used for each peptide synthesized through a manual protocol.

Peptide ID Resin
K-Ras fragment 1 P27 HMPB
K-Ras fragment 2 P28 HMPB
K-Ras fragment 3 P29 Sieber
K-Ras fragment 4 P30 2-CTC
K-Ras fragment 5 P31 Sieber

CF-LUC1-Cys P32 Rink Amide AM
Ac-adrenomorphin P33 2-CTC
Ac-leu enkephalin P34 2-CTC
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Ac-endomorphin P35 2-CTC
NB1-5 P36-P40 Rink Amide AM

The synthesis was performed using a polypropylene syringe as reaction vessel fitted with a Teflon®
rod and a Teflon® stopcock, which was assembled to a manifold connected to a vacuum pump (Figure
4.1). In general, the working scale was 0.1 mmol and the different solid supports or resin were
weighed to achieve this scale, following the formula:

g resin = scale (mmol)/ loading (mmol/g resin).

Then, the resin was placed in the syringe and swelled it using DMF (3 washes x 1 min), DCM (3 washes
x 1 min), and DMF (3 x 1 min) aspirating the solvent into the manifold each time.

Figure 4.1 Manifold vacuum ensemble for peptide synthesis in a syringe.

After swelling, the introduction of the first residue varied depending on the type of resin used for each
peptide. While those synthesized in a 2-chlorotrytil resin followed the procedure described in section
4.2.2.1, peptides synthesized in a HMPB resin followed the protocol described in section 4.2.2.2,
peptides synthesized in a high loading Rink Amide AM resin followed the protocol 4.2.2.4 and, finally,
those synthesized in a Sieber resin followed the protocol described in section 4.2.2.5 to load the first
amino acid.

4.2.2.1 Introduction of the first residue in a 2-CTC resin

A 2-CTC resin (1.6 mmol/g, 100-200 mesh) was used and placed in the synthesis reactor. 1 eq of amino
acid was weighed and dissolved in 1-2 mL of DCM. If not completely soluble in DCM, DMF was added
dropwise until the amino acid was completely dissolved. The protected amino acid was added to the
synthesis reactor containing the 2-CTC resin, and 2 eq DIPEA was immediately added to the mixture,
which was stirred intermittently for 10 minutes, after which another 3 eq of DIPEA was added, and
the reaction was allowed to continue for 4 hours. After this time, 0.8 mL of methanol per gram of resin
was added directly to the mixture and stirred for 15 minutes. The synthesis was continued from
section 4.2.2.6.
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4.2.2.2 Introduction of the first residue in a HPMB resin

The HMPB resin (0.4 mmol/g, 35-100 mesh) was used and placed in the synthesis reactor. In this case,
the introduction of the residue was carried out by the symmetrical anhydride method. This consisted
of dissolving 2 eq of the amino acid in 1-2 mL of DCM and then adding 1 eq of DIC. The mixture was
stirred thoroughly for 5 min and then the mixture was added to the resin placed in the synthesis
reactor and 0.1 eq 4-dimethylaminopyridine (DMAP) dissolved in 100 uL DMF was also quickly added,
and the mixture was allowed to react overnight. This process was repeated a second time the
following day, discarding the previous solution and adding a fresh one prepared as described. This
time the reaction was carried out for 4 hours. The synthesis was continued from section 4.2.2.6.

4.2.2.3 Fmoc removal

To remove the Fmoc protecting group, 1-2 mL of 20% piperidine/DMF were added to the resin in two
treatments (2 x 5 min) followed by washing three times with 1-2 mL DMF. In each treatment/wash
solutions or solvents were aspirated into the manifold.

4.2.2.4 Introduction of the first residue in a Rink Amide AM resin

A Fmoc-Rink Amide AM (0.71 mmol/g, 100-200 mesh) was used and placed in a synthesis reactor. The
Fmoc protecting group was removed following the method described in section 4.2.2.3. The first
residue and the oxyma were weighed (1.5 eq each) and dissolved in 1-2 mL DMF, and 1.5 eq DIC was
added to the mixture, which was then added to the synthesis reactor containing the resin. The
reaction was allowed to proceed for 4 hours at room temperature with gentle stirring. The solutions
were discarded, then the resin was washed 2 x 1 min with DMF and 2 x 1 min with DCM and the
washes were discarded. Finally, the remaining free sites were capped by acetylation. A solution of 135
uL acetic anhydride (10 equiv. with respect to the full loading of the resin) and 247 uL DIPEA (10 equiv.
with respect to the full loading of the resin) was prepared in 3 mL of DCM. Two treatments of 15 min
were performed, discarding the solution each time. The resin was washed five times with DCM for 1
min each, discarding each wash. The synthesis was continued from section 4.2.2.6.

4.2.2.5 Introduction of the first residue in a Sieber resin

A NovaSyn°“TG Sieber resin (0.25 mmol/g, 130 um) was used and placed in a synthesis reactor. The
Fmoc protecting group was removed following the method described in section 4.2.2.3. The first
residue and the oxyma were weighed (3 eq each) and dissolved in 2-3 mL DMF, and 3 eq DIC was
added to the mixture, which was then added to the synthesis reactor containing the resin. The
reaction was allowed to proceed for 4 hours at room temperature with gentle stirring. The solutions
were discarded, then the resin was washed 2 x 1 min with DMF and 2 x 1 min with DCM and the
washes were discarded. The synthesis was continued from section 4.2.2.6.

4.2.2.6 Peptide elongation

Peptides were obtained after the introduction of the first residue in the solid support by adding the
subsequent residues through two-step cycles consisting of first removing the Fmoc protecting group
and then coupling the amino acid, as summarized in Table 4.5. The completion of the reaction was
checked using the Kaiser tests for primary amine couplings (section 4.2.2.8) or the chloranil test when
the residue is coupled onto a proline (section 4.2.2.9).

Table 4.5 General elongation protocol for a manual peptide synthesis.

Process Reagents Iterations Time
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Deprotection Piperidine in DMF 20% v/v 2 5 min
DMF 3 1 min
Wash
DCM 2 1 min
. Fmoc-amino acid-OH and coupling
| 1 1lh
Coupling reagents in DMF
DMF 3 1 min
Wash
DCM 3 1 min
Monitoring Kaiser or chloranil test 1 3 min

4.2.2.7 Single Coupling

Every new residue was added to the elongating peptide by activating 3 eq of the Fmoc-amino acid-OH
with 3 eq of DIC and 3 eq of oxyma dissolving in 1-2 mL of DMF. The mix was added to the resin and
reaction was carried out for 1 h under mild stirring. Reagents were discarded and resin was washed,
after which the Kaiser or chloranil tests were performed.

4.2.2.8 Kaiser test

A small amount of dried resin was removed with a spatula and placed in a small 0.6 mL glass tube. To
these resin beads, 11 drops of Solution A and 3 drops of Solution B (see below for the preparation of
these two solutions) were added, and the mixture was incubated at 100°C for 3 minutes. If the solution
and/or resin turns blue, the test is positive, confirming the presence of free amines, and the coupling
reaction/capping is not complete. If the solution and resin remain unchanged, the test is negative,
confirming the absence of free amines and the coupling reaction is complete.

Solution A:

a: 200 mM KCN in water, dilute 2 mL in 100 mL total of pyridine.
B: 40 g phenol in 10 mL EtOH

Mix a and b entirely or in proportions of a to b of 9:1

Solution B:

5% p/v ninhydrin in EtOH

4.2.2.9 Chloranil Test

The chloranil test is used to detect free secondary amines, more frequently the one from L-proline. A
saturated chloranil solution was prepared in toluene. A very small amount of dried resin was removed
with a spatula and placed in a small 0.6 mL glass tube. Then 10 drops of the saturated chloranil solution
and 20 drops of acetone were added and incubated for 3 minutes at room temperature. A positive
test (presence of free secondary amines) is seen when the resin beads turn green, and the coupling
reaction is incomplete. A negative test is seen when the resin remains unchanged, and the coupling
reaction is complete.

4.2.2.10 Double couplings

For positive Kaiser or chloranil tests, indicating incomplete reaction, the residue was recoupled
preparing a mix in 1-2 mL DMF with 1.5/1.5/1.5/3 eq of Fmoc-amino acid-OH/PyBOP/oxyma/DIPEA
for 30 min at room temperature. It is crucial not to let this reaction ongoing for more than 45 min
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due to the increased probability of amino acid racemization at its a-carbon chiral center under the
basic conditions provided by DIPEA. After 30 min, the reagent mix was discarded and the resin
washed and then the Kaiser or chloranil tests were performed. If negative synthesis was continued
with the incorporation of the next amino acid.

4.2.3 Final deprotection and N-terminal modification

Either through automated or manual synthesis, once the peptide was finished, the Fmoc group of the
final amino acid was removed following step 4.2.2.3. If the peptide was not further modified, it was
cleaved. If not, the modifying group palmitoyl, PEG23-yl or 5(6)-carboxyfluoresceinyl were
incorporated at the N-terminal peptide position with the same coupling reagents system (X-
COOH/DIC/Oxyma, 3:3:3) used in the elongation process, and the incorporation was monitored by the
Kaiser test or the chloranil test.

4.2.4 Cleavage

The peptidyl resin was swollen with DCM. A system was assembled with a 250 mL round-bottomed
flask containing a stirring magnet, a reduction adapter, a vertical aspiration adapter, and a straight
septum inlet flow control adapter with a polytetrafluoroethylene (PTFE) stopcock and the syringe
containing the resin, with a magnetic stirrer attached to the top (Figure 4.2).

Figure 4.2 Glassware ensemble for peptide cleavage.
4.2.4.1 High TFA cleavage and global deprotection

To obtain the MSLN, TT, OCV, K-Ras, CF-LUC1-Cys and NB targeting peptides from the Rink Amide-type
resins, the peptidyl resins were treated with a solution of TFA/H20/TIS (95:2.5:2.5; v/v/v) for 30 min,
with occasional stirring during this time. The mixture was then filtered and collected in the round-
bottomed flask of the system. The process was repeated once with fresh cleavage solution to ensure
that all product was cleaved from the resin. The final acid solution was stirred for 1 hour to remove
all side chain protecting groups from the peptide. The solution was then divided into 50 mL vials
containing 20 mL of cold diethyl ether to promote peptide precipitation and centrifuged at 5000 rpm
for 5 minutes. Alternatively, if the final peptides were highly hydrophobic, most of the TFA solution
was removed under vacuum and the cleaved peptide precipitated onto 20 mL cold Et,0. The
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supernatant was discarded, and the pellet was washed three times with 10 mL Et,0 by centrifugation
at 3500 rpm for 5 minutes each time. The pellet was dried under hood flow, dissolved in 10 mL
H>0/CHsCN, frozen and lyophilized. If the peptide sequences contain cysteine or methionine, instead
of using the previous acid mixture, the peptidyl resin was treated with a solution of TFA/H20/TIS/EDT
(92.5:2.5:2.5:2.5, v/v/v/v).

4.2.4.2 Low TFA cleavage with no side chain deprotection

To obtain fragments for MAP constructs or for a convergent synthesis from the 2-CTC, HMPB or Sieber
resins, the peptidyl resins were treated ten times with 3 mL of a solution consisting of 1% TFA in DCM.
This allowed to obtain the fragments from the resin carrying all side chain protecting groups. Each
treatment was performed for 5 min and collected onto a round-bottomed flask with 100 mL of milliQ
H,0. After collecting all treatments, DCM was eliminated by nitrogen flow to precipitate the peptides
in the H,0. After all the DCM was eliminated, the sample was divided into 50 mL vials and lyophilized.

4.2.5 Characterization by analytical RP-HPLC and HPLC-MS

Characterization of the crude and purified products was carried out by RP-HPLC and HPLC-MS. The
elution system for RP-HPLC was A: H,0 (+0.045% CF3COOH) and B: CH3CN (+0.036% CF3COQOH) and for
HPLC-MS was A: H,0 (+0.1% HCOOH) and B: CHsCN (+0.07% HCOOH). Columns used were either a
Kinetex® C8 (4.6 x 100 mm, 5 pum, 100 A) for palmitoylated products in RP-HPLC and a X-Select
50x3.5some protected fragments or a XBridge® BEH C18 (4.6 x 100 mm, 3.5 um, 100 A) for the rest of
the products with a 1 mL/min flow. Peptides were detected at 220 nm.

4.2.6 Purification of peptides by semi-preparative HPLC

Crude products were dissolved in either H,O/CHsCN (1:1), DMSO or TFA and purified in semi-
preparative HPLC by injecting 30-50 mg into either an XBridge® Prep C18 OBD™ column (19 x 100 mm,
5 um) or a Kinetex® C8 AXIA™ column (21.2 x 100 mm, 5 um). The elution system was A: H,0 (+0.1%
CFsCHOOH) and B: CHsCN (+0.1% CF3COOH) at 16 mL/min and peptides were eluted at different
gradients depending on the best resolution for each specific sequence. peptide detection was
performed at 220 nm. Fractions containing the end product were manually collected immediately
after detection. After collection and analysis of the fractions by analytical HPLC, the solvent was
partially removed under vacuum and reduced to 20 mL, which was then lyophilized.

4.3 Antigenic peptides for nanovaccines

4.3.1 Synthesis of the antigenic peptides

Peptides were synthesized by the protocol described in section 4.2.1. These peptides were cleaved
from the peptidyl resin following the protocols described in section 4.2.4. All peptides that carry a
palmitoyl N-terminal modification, as well as the PEGylated MSLN2 peptide required the evaporation
of TFA in vacuum before precipitation in cold Et,0 due to their highly hydrophobic nature.

4.3.2 Characterization of antigenic peptides for nanovaccines

Table 4.6 Characterization of anticancer nanovaccine candidate peptides

mg of pure % Purity at

Peptide  N-terminal ID peptide 220 nm Mms
Calc. [M+H]* =1600.0, [M+2H]?*" = 800.5
MSLNL H-NH Pl 40 >99 Found [M+H]* = 1600.6, [M+2H]?* = 800.9
2+ - 3+ _
HPEG2INH P2 2 -9 Calc. [M+2H]?* = 1364.3, [M+3H]* = 909.9

Found [M+2H]* = 1364.7, [M+3H]*" = 910.4
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Calc. [M+H]*= 1839.4, [M+2H]?* = 920.2

Palm-NH- P3 16 9 Calc. [M+H]*= 1839.1, [M+2H]?* = 920.1
+ 2+
H-NH- P4 >4 3 F(c:nat'Jl:\d[[l\l\/l/I:HH]] 1111222555 ['[\|/\I/|++22|-|+]|]2+ 556;432
2+ 3+
MSLN2 H-PEG23-NH PS5 104 96 Focjr"cd [PIC/I:HF}]Z* 1111238646 [wf:m]y 7755287za
Palm-NH- P& 17 9 Found [M+Cr\7;§+[iﬂ;;|;+6._ss,l [3|3|i'|?]+ =1402.8
+ = 2+ _
o w oo e
2+ 3+
MSNL3 H-PEG23-NH P8 30 95 F;:jrlwcc:l ['[\:/I:Hd]y 110390990 [K/ﬁzﬂ]% 772373623
Palm-NH- P9 17 98 Fii';a['[\:;fl_};[_lffsfg
Calc. [M+3H]* = 1794.8, [M+4H]* = 1346.3
MLSNA H-PEG23-NH P11 107 >99 Foau(;\d[[M+3H]]3+ -17957[[1\/|+4|-|]]4+ 1347.0
N Pl s o Calc. [M+3H]* = 1499.3, [M+4H]* = 1124.7
Found [M+3H]** = 1498.8, [M+4H]* = 1124.4
v - 2+ _
TR - L
HPEGINH Pla 101 s e e (e - 9ot 7
Vi HNH- RIS 41 0 ey < iﬁiii%ﬁf;f 662288‘2
+ 2+
o o e n e S
on ww ww m w ChM ooy
I
ot Palmt.  Paa 5 o1 Calc. [M+3H]*" = 1612.6, [M+4H]* = 1209.7

Found [M+3H]?* =1498.8, [M+4H]* = 1209.7

a The predominant signals correspond to a mono-hydration due to the PEG moiety. Weak signals can be
detected with the correct peptide mass.

4.3.3 PLGA nanoparticle synthesis for nanovaccine production

PLGA NPs with encapsulating adjuvants were prepared using an oil-in-water emulsion and solvent
evaporation-extraction method. Briefly, 50 mg PLGA was dissolved in 3 mL DCM along with 5 pL pIC
and 2 mg R848 with or without the different antigenic peptides. The solution above was added
dropwise to 20 mL of aqueous 2% (w/v) PVA and emulsified for 60 s with 5-sec rest each cycle using a
sonicator (Sonifier 250, Branson, Danbury, USA). Following overnight evaporation of the solvents at 4
°C, the NPs were collected by centrifugation (14800 rpm for 30 min) at 4 °C and redissolved in water.
After, the nanoparticle solution was added dropwise to 20 mL of 1% homogenized chitosan
oligosaccharide lactate solution and stirred at 4°C for 2 hrs. The coated NPs were finally collected by
lyophilization.

4.3.4 Biological assays
4.3.4.1 Animals and immunization

A total of 15 C57BL6 male mice (12 weeks old) were used in the experiment. Mice were obtained and
kept at the animal facility of Max-Planck-Institute for Multidisciplinary Sciences under 12 h dark: light
cycle with ad libitum access to food and water. All animal experimental procedures were performed
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in compliance with the European (2010/63/EU) and German regulations on Animal Welfare and were
approved by the administration of Lower Saxony (LAVES) (Nr. 33.19-42502-04-20/3527). Mice were
immunized subcutaneously in the right flank once per week, for three weeks with nanoparticle
containing the adjuvants polyinosinic:polycytidylic acid (polyl:C) and R848. The NPs were diluted in
water and injected in a volume of 100 L, in a concentration of 2.5 pg of polyl:C, and 3.75 ug of R848.
The mice were sacrificed 2 days after the last vaccination and the spleen was excised.

4.3.4.2 Stimulation of splenocytes and lymph node cells

Single-cell suspensions from spleen were prepared in sterile condition by mincing the cells through 40
and 100 pL cell strainers (BD Falcon), respectively. Erythrocytes in spleen samples were lysed with 1
mL ACK buffer (150 mM NH4CI, 10 mM KHCOs, 0,1 mM EDTA, pH = 7.2-7.4) per spleen for 5 min. The
reaction was stopped with PBS and spun down. Cells were resuspended in RPMI 1640 medium
supplemented with 10% Fetal Bovine Serum, 100 pg/mL penicillin, 100 pg/mL streptomycin. Cells
were seeded in 96-well plates with a density of 500.000 cells per well respectively in duplicates or
triplicates. Splenocytes were stimulated with different peptides in a concentration of 10 ug/mL. The
supernatant was collected after 48 h of stimulation and kept frozen at -20 °C until cytokine analysis.
After 48 h of stimulation, the cells were analyzed for viability.

4.3.4.3 ELISA

Cells were centrifuged and supernatants were collected and kept at -20 °C for further cytokine
guantification. IFN-y was quantified by ELISA (Thermoscientific, #88-7314-88). Briefly, the 96-well
plates were incubated overnight at 4 °C with capture antibody. After washing and blocking, the plate
was incubated at room temperature with samples for 2 h and then with detection antibody for 1 h.
After that, the plate was incubated with avidin horseradish peroxidase (HRP) conjugate for 30 min.
The color reaction was developed by adding TMB solution and the enzymatic reaction was stopped by
adding 2 N H2S04. Optical density (OD) was determined at 450 nm.

4.3.4.5 Cell viability assay

For cell proliferation and cytotoxicity assay CellTiter 96® Aqueous One Solution Reagent (Promega)
was used. The reagent contains a tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] and phenazine
ethosulfate; PES. After 48 h of stimulation with the peptides, 20 pL of the reagent was added to each
well and the plate was incubated for 4 h. The absorbance at the wavelength of 490 nm was measured
by a microplate reader.

4.3.4.6 Statistical Analysis

Results are expressed as the mean + SEM (standard error of the mean). Data were analyzed and
statistical analyses were performed using GraphPad Prism v9.2.0 software. Each experiment was
performed three times with triplicates per assay. Data are presented as mean * SEM. One-way analysis
of variance (ANOVA) with Tukey’s test for multiple comparisons was performed. A p-value of <0.05
was considered statistically significant.

4.4 Targeting moieties for neuroblastoma

4.4.1 Synthesis of peptides for neuroblastoma

Peptides were synthesized by manual solid phase following the protocol described in section 4.2.2
and cleaved from the resin following the protocol in section 4.2.4.
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4.4.2 Characterization of neuroblastoma-targeting peptides

Table 4.7 Characterization of naueroblastoma-targeting peptides

mg of pure % Purity at

Peptide  Cys thiol ID ms

peptide 220 nm
Calc. [M+2H]*? = 848.9, [M+3H]*3= 566.2
_ >
NB1 SH P36 % 9 Found [M+2H]*? = 848.7, [M+3H] "= 566.3
Calc. [M+2H]*? = 655.2, [M+3H]*3= 437.2
- >
NB2 SH P38 102 9 Found [M+2H]*? = 655.8, [M+3H]*3= 437.2
Calc. [M+2H]*? = 628.2, [M+3H]*3= 419.2
NB -SH P4 1
3 S 0 06 % Found [M+2H]*? = 628.6, [M+3H]*3= 419.3
Calc. [M+2H]*? = 591.7, [M+3H]*3= 394.8
NB4 -SH P42 4
S 8 9 Found [M+2H]*2 =591.9, [M+3H]*3= 395.0
NBS SH paa - 96 Calc. [M+H]* = 1081.7 [M+2H]*?>= 541.6

Found [M+H]* = 1081.7 [M+2H]**= 541.7

4.4.3 Synthesis of fluoresceinated derivatives of the targeting peptides for neuroblastoma

0.01 mmol of the purified peptides P36 to P40 (10 to 17 mg) were dissolved in 1 mL NH4HCO; pH = 8.0
and mixed quickly with 1.1 eq of Fluorescein-5-maleimide (0.011 mmol, 4.7 mg) in 1 mL DMF. Reaction
was stirred for 2h under a nitrogen atmosphere. Solvent was eliminated and sample was lyophilized.
Then peptides were purified by semi-preparative RP-HPLC as described above, after confirming the
reaction was finished by RP-HPLC and ESI-MS.

Table 4.8 Characterization of fluorescein-labeled neuroblastoma-targeting peptides

mg of pure % Purity at

Pepti hiol M
eptide  Cys thio peptide 220 nm S
Calc. [M+2H]™? = 1062.6, [M+3H] = 708.7
NB1  -S-mal-Fl P37 44 >
5-ma 3 99 Found [M+2H]* = 1062.6, [M+3H]">= 708.8
Calc. [M+2H]? = 868.9, [M+3H]"*= 579.6
NB2  -S-mal-Fl P39 24 >99
ma Found [M+2H]"? = 868.9, [M+3H] "= 579.7
Calc. [M+2H]2 = 841.9, [M+3H]"*= 561.6
NB3  -S-mal-Fl P4l 102 % Found [M+2H]*2 = 841.6, [M+3H] "= 561.7
Calc. [M+2H]"2 = 805.4, [M+3H]"*= 537.2
NB4  -S-mal-Fl P43 5.5 94
ma Found [M+2H]*2 = 805.3, [M+3H] "= 537.4
Calc [M+2H]*? = 755.8 [M+3H] = 504.2
NB5  -S-mal-Fl P45 41 92 ale [ ] [ ]

Found [M+2H]*2 = 756.1, [M+3H]*3= 504.4

4.4.4 Synthesis of p-aminobenzylguanidine (PABG) derivatives
4.4.4.1 Synthesis of DiBoc-p-aminobenzylguanidine (PABG)

4-aminobenzylamine (1.64 mmol, 0.186 mL) was guanidinylated by reacting with N,N-DiBoc-1H-
pyrazole-1-carboxamidine (1.64 mmol, 0.51 g) in the presence of DIPEA (1.64 mmol, 0.285 mL) in DCM
for 4h at room temperature with mild stirring, after which solvent was eliminated obtaining PABG as
a solid (224 mg, 95%). Purity by HPLC >99% (220 nm). HPLC-MS: calculated mass for CigH2sN4O4 [M +
H]*=364.5 found by HPLC-MS (ESI): 365.8.

4.4.4.2 Synthesis of thiolated-PABG derivative

PABG was reacted with S-trityl-3-mercaptopropanoic acid via its aniline amine by a symmetric
anhydride method. Thus, the S-trityl-3-mercaptopropanoic acid was turned into its anhydride by
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mixing 2 eq (3.28 mmol, 1.12 g) with 1 eq of DIC (1.64 mmol, 0.254 mL) in DCM, stirring vigorously by
vortex for 5 min and then adding to DiBoc-PABG (224 mg, 1.64 mmoles) adding 1 eq of DIPEA (1.64
mmol, 0.285 mL) and stirred at room temperature overnight to generate the protected thiolated-
PABG. After solvent elimination, this compound was then deprotected by treatment with 50%
CF;COOH in DCM with 5% TIS as scavenger to generate the thiolated-PABG (106 mg, 75%), which was
then purified by automated flash chromatography (65 mg, 62%). Purity by HPLC >99% (220 nm). HPLC-
MS: calculated mass for C11H160N4S [M + H]*= 253.3 found by HPLC-MS (ESI): 253.4.

4.4.4.3 Synthesis of the fluorescinyl-PABG derivative

A portion of the thiolated-PABG (0.1 mmol, 25.2 mg) is then conjugated with 1.1 eq of fluorescein-5-
maleimide (0.11 mmol, 47 mg) by dissolving the fluorescent compound in 1 mL of DMF and mixing
with the thiolated-PABG dissolved in 1 mL of NHsHCOs 10 mM buffer pH =7.5. Reaction was carried
out for 2h at room temperature with mild stirring under inert atmosphere. Reaction was checked by
RP-HPLC and then the crude was purified by automated flash chromatography. HPLC-MS: calculated
mass for CssH2sNsOsS [M + H]* = 680.7 found by HPLC-MS (ESI): 680.4.

4.4.5 Cell localization assays

Briefly, neuroblastoma cell lines were selected by overexpression of mainly the GD2 surface protein
as assessed by labeled antibody recognition and other target receptors via qRT-PCR. Specifically CHLA-
90, SK-N-BE(2) and SHSY-5Y were selected as positive cell lines for peptide localization assays while
HEK293T was selected as negative control. For a positive binding control, labelled RGD peptide
prepared in our group was used. The binding was tested at 5 uM for 1 and 24 h and visualized by
confocal microscopy. The best performing peptides/organic molecules were selected to perform
conjugation assays in nanoparticles based on their ability to accumulate in the cell membrane of
neuroblastoma cell lines.

4.4.6 Formulation of QS nanoparticles by DELOS-susp

Quatsome (QS) nanovesicles were produced by DELOS-susp (Depressurization of an Expanded Liquid
Organic Solution into aqueous solution). This process is schematized in Figure 4.3. Cholesterol-
PEG2000-maleimide, and DC-cholesterol were weighed and dissolved in 3.2 mL ethanol by vigorous
stirring and heating at 38°C, according to the quantities in Table 4.9 for 2 umol or 4 umol of maleimide
content. This was added onto the high-pressure plant and incubated at 55°C.

Table 4.9 Formulation of quatsome nanovesicles with a maleimide function

Reagent 2 umol maleimide 4 pmol maleimide
DC-Chol 95.9 mg 95.9 mg
Chol-PEG2000-mal 13.0mg 26.0 mg
MKC 13.0 mg 26.0 mg
EtOH 3.2mL 3.2mL
milliQ water 26.3 mL 26.3 mL
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Figure 4.3 Schematic representation of the stages of the DELOS-susp methodology for the preparation of
guatsomes. Components dissolved in organic solvent are added to the chamber (a), which is then expanded by
gas (b) and then depressurizes into water with surfactant (c) to yield the nanoparticle

The solvent was expanded by the addition of CO;into the high-pressure plant. Expansion was carried
out for 1h after which the contents of the plant were carefully bubbled by nitrogen flow into water
with the surfactant MKC dissolved in it.

4.4.7 Characterization of QS nanovesicles by Dynamic Light Scattering (DLS) and Multi-Angle
Dynamic Light Scattering (MADLS)

An aliquot of 1 mL of formulated sample was added into a spectrometer cuvette and analyzed in a
ZetaSizer ZEN 3600 (Malvern Panalytical, United Kingdom) to characterize size distribution and then
onto a Folded capillary Zeta cell (Malvern Panalytical, United Kingdom) to measure Z-potential.

4.4.8 Isolation of the free PABG in supernatant

Free PABG that was not conjugated was separated from the suspension of nanovesicles by three
different methodologies.

4.4.8.1 Ultracentrifugation

1 mL of simples were loaded into an Open-Top Thickwall Polycarbonate Tube (Beckman-Coulter,
Germany) and centrifuged in a Sorvall™ WX+ 2500 centrifuge (ThermoFischer Scientific, US). At
600000 for 6 h at 4°C. Supernatant was quickly and carefully recovered for analysis.

4.4.8.2 Filtration by AMICONZ® filter units

4 mL of samples were loaded into 4 mL AMICON® centrifugal filter units (Merck Millipore, 30 kDa
MWCO) and centrifuged at 4000 x G for 40 min. Flow-through was recovered.

4.4.8.3 Size-Exclusion Chromatography in Sephadex G-25

Pre-packed PD Midi Trap G-25 columns (Cytiva Life Sciences, United Kingdom) were equilibrated with
20 mL water and 0.5 mL of sample was then loaded and eluted with 20 mL water, 20 mL water + 10
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mL 10% v/v acetic acid or 30 mL water + 10 mL of an acetic acid gradient of pH = 5.5 and pH = 4.5.
Depending on the expected eluate 5 or 10mL fractions were collected and analyzed.

4.4.9 Optimized method for targeting units congutation to QS nanovesicles

QS nanovesicles were prepared with 4 umol maleimide content as previously described and after
characterization, pH was adjusted to 7.5 with bis-tris buffer 25 mM. The following day, P40 peptide,
the best candidate in cell localization assays, was conjugated to the nanovesicle (4.8 pumol, 7.66 mg)
using 12 mL of QS suspension (10.8% ethanol, 89.2% miliQ water). The peptide was dissolved in 100
uL of water and added dropwise. Conjugation was carried out in 3 h at room temperature with mild
stirring, adding a spatula tip of TCEP to prevent disulfide bons between cysteine of neighboring
peptide macromolecules. The same protocol was used to conjugate PABG (4.8 umol, 1.43 mg) and
compare to previous conjugation assays.

4.4.10 Isolation of non-conjugated targeting units by Sephadex G-50 size-exclusion chromatography

Immediately after conjugation 0.5 mL of the mix were loaded onto a Sephadex G50 with 8.3 mL of
packed slurry (Cytiva Life Sciences, United Kingdom) and then an elution gradient was carried out first
with 30 mL water, collecting 10 mL fractions, and then with 10 mL acetic acid solution at pH = 5.5 and
4.5, collecting 5 mL each time. Control of recovery was performed by loading on to a clean column
purified P40 peptide (4.8 umol, 7.66 mg) in 0.5 mL of water and eluting as previously described. This
control will be used to determine the amount peptide that is recovered from the column after it is
loaded. The same protocol was carried out for PABG (4.8 umol, 1.43 mg).

4.4.11 Estimation of the conjugation efficiency by analytical RP-HPLC

To estimate the amount of PABG or peptide conjugated to the nanovesicle, all elution fractions from
the Shephadez G-50 were analyzed by RP-HPLC, injecting 25 plL and 50 pL for each sample, which were
recovered as 5- and 10-mL fractions, respectively, to account for dilution. 2.5 uL of PABG or P40
prepared in the same concentrations as they were loaded into the column, were injected, representing
the fully unconjugated initial amount. Gradient used was of 5-70%B in the same elution system as
described previously and the integrated area below the curve of the peak was used to estimate the
amount of PABG or peptide. Peptide was monitored at 220 nm while PABG was monitored at 254 nm.

4.5 Selection of carbodiimides to replace DIC as a coupling reagent

4.5.1 Manual synthesis of lle>*-Leu-Enkephalin (H-YIIFL-NH;) and Leu-Enkephalin (H-YGGFL-NH,),
model peptides with five different carbodiimides

The peptides were manually synthesized in 141 mg of Rink Amide AM resin (0.71 mmol/g) for a 0.1
mmol scale, weighed into a 2 mL syringe acting as a synthesis reactor, coupled to a manifold collection
system and vacuum pump, allowing easy disposal of reagents and solvents into the manifold. Each
peptide was synthesized five times, one for each different carbodiimide. The resin was swollen by
washing six times for 1 min each, alternating DMF and DCM, discarding the solvents after each wash.
Fmoc was removed from the Fmoc-Rink amide resin by treatment with 1 mL piperidine/DMF (20:80,
v/v) twice for 5 min before introducing the first residues and for 1 and 7 min for each subsequent
deprotection step. The resin was then washed 4 times with 1 mL DMF for 1 min each time. Fmoc-
amino acid/oxyma/carbodiimide coupling (5eq/5eq/5eq) was performed by first dissolving amino acid
and oxyma in 0.8 mL DMF, mixing thoroughly by sonication and vortexing, adding to the resin and
activating after 3 min with the corresponding carbodiimide, allowing to stand for 30 min at room
temperature with gentle stirring. Then the coupling mixture was discarded, and the resin was washed
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4 times with 1 mL DMF for 1 min each time. Deprotection and coupling were performed cyclically as
described from C-terminal Leu to N-terminal Tyr until the sequence was complete and the last Fmoc
was removed, after which the resin was washed as described and then swelled three times with 1 mL
DCM. Acidolytic cleavage was then performed as described in section 4.2.10 and final peptides were
characterized as described in section 4.2.11.

4.5.2 Determination of the the oxadiazole formation in carbodiimide/oxyma mixture as indicator of
HCN release

The five carbodiimides (0.5 mmol) were dissolved in 2.5 mL DMF together with oxyma (0.5 mmol) to
yield a 0.2 M solution. One set of solutions was stirred at 25 °C and another at 60 °C. The course of the
reaction was analyzed by LC-HRMS performed on an Ultimate3000 with a Phenomenex C18
(dimensions 4.6 mm x 150 mm) column. The elution system was comprised of A: H,0 (+0.1% HCOOH),
B: CH3CN (0.1% HCOOH), flow 1.0 mL/min, UV detection 220 nm). Aliquots of 2 pL were taken, diluted
with 498 uL of CH3sCN and analyzed. The solutions kept at 25°C were analyzed after 24 h and 4 days.
Solutions kept at 60 °C were analyzed after 18 h. This study was performed in the University of
KwaZuluNatal (Durban, South Africa) by the group led by Dr. Fernando Albericio.

4.5.3 Solubility of urea in DMF

To assess the solubility of concentrated urea resulting from the reaction first of carbodiimides and
carboxylic acids (and amino acids by extension) to form a O-acylurea and then of oxyma with this O-
acylurea, solutions of 1M Fmoc-L-Ala-OH, 1M oxyma and 1M carbodiimide were prepared and let
react for 5 min at room temperature. Precipitation was then assessed visually.
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Conclusions associated to chapter 1

- Eighteen synthetic epitopes extracted from PDAC overexpressed proteins with high antigenic
potential, such as mesothelin (MSLN), K-Ras, tetanus toxoid (TT), were designed and synthesized. The
different epitopes were synthesized as single epitopes (MSLN1-3, TT) and linear multiepitopes (MSLN4,
K-Ras1-4) with different modifications at the N-terminal position (palmitoyl, PEG or unmodified).

- Four synthetic epitopes based on the OCV-CO1 cancer vaccine were also synthesized. Three of them
are single epitopes (OCV1-3) and the fourth is a novel construct based on a linear multiepitope
combining the three single epitopes (OCV4).

From the synthesis point of view:

The MSLN- and TT-based epitopes were successfully obtained despite the difficulties
associated with some sequences. The difficulty in these syntheses was related to the length of
the peptides, as the linear multiepitope peptide (MSLN4) has 38 residues, and the intrinsic
hydrophobicity of the MSLN sequences, which was increased when the peptide carried a
palmitoyl moiety.

K-Ras-based epitopes have been extremely difficult to obtain, mainly due to the aggregation
tendency of their sequences, which complicates their purification. From the 4 epitopes
designed, only the linear multiepitope K-Ras4 peptide was obtained, but small amounts with
a purity of 90%.

OCV-based epitopes were successfully obtained without major complications

A multimodal and multivalent MAP has been explored as an alternative platform for
multiepitope presentation. By combining different amino-protecting groups, a MAP core
carrying up to three different peptides has been synthesized. Optimization is needed to
improve the synthetic performance and to allow the introduction of a fourth moiety into the
MAP core.

From the point of view of biological evaluation:

The single epitope peptides synthesized in this study are not immunogenic, regardless of
whether they carry self-adjuvant motifs. The combination of these peptides into a single multi-
epitope peptide confers greater immunogenicity.

Palmitoylation increases the immunogenicity of the peptide sequence. However, the mode of
presentation of the epitopes that make up the nanovaccine has a greater impact on the final
immunogenicity.

MSLN multiepitope linear peptides (MSLN4, palmitoylated and PEGylated) are the best
presentation alternative for in vitro induction of CD8+ specific antitumor immune activity.

Among them, the mesothelin nanovaccine formulated with MSLN4, a multiepitope peptide
containing three epitopes and a palmitoyl moiety at the N-terminal position, showed a good
immunogenic response in an in vitro model and in killing assays, initially suggesting a
promising approach for PDAC treatment. However, in vivo experiments showed little effect on
tumor size and immune response with the chosen schedule. Extended prophylactic and
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therapeutic vaccination protocols will be performed by the Translational Molecular Imaging
Group of the Max Planck Institute to confirm the efficacy of the MSLN4 nanovaccine in the in
vivo models of PDAC.

- MSLN and OCV single epitopes (MSLN 1-3 and OCV 1-3) have been shown to activate an
antitumor immune response when formulated as a mixture in a nanovaccine, but when the
nanovaccine formulation is performed with a linear multiepitope composed of these single
epitopes (MSLN4 and OCV4), the activation of the antitumor immune response is higher.

- Therefore, the linear multiepitope peptide composed by three epitopes of an antigenic protein
is the best mode of presentation to elicit strong immune responses based in antitumoral
specific CD8+ cytotoxic T cells.

Conclusions associated to chapter 2

- Six targeting units and the corresponding fluoresceinyl conjugated were synthesized. Five of them
were peptide ligands of surface receptors overexpressed in neuroblastoma phenotypes (TkrB, h-
NET and GD2) and one was a derivative of PABG, a ligand of the hNET protein.

- Thiolated-PABG derivative (h-NET ligand) and P40 peptide (GD2 receptor ligand) were selected
as potential targeting/homing unit candidates for their ability to internalize in neuroblastoma
cells. These targeting units were used to be conjugated to QS derivatized with a maleimide
function.

- A procedure to conjugate these targeting/homing ligands to quatsomes functionalized with
maleimide was set up, exploring different parameters, of which the most crucial for higher
conjugation efficiency are the quantity of maleimide function incorporated to the QSs (Chol-
PEG-mal), the presence of a reducing agent during conjugation, the final pH of the
nanovesicles suspension and the separation method used to isolate the final targeting ligand-
QS conjugates.

- Both targeting/homing ligands can be incorporated into a quatsome nanovesicle via
maleimide-thiol chemistry following the process developed with preliminary loadings ranging
from 40 to 65% of the available material.

- Size-exclusion chromatography on Sephadex G-50 using an elution system based on H,0 and
followed by a solution of CH;COOH at pH = 5.5 has been established as the best separation
method to purify the quatsome formulation from unreacted targeting unit. The method allows
the indirect estimation of the targeting unit conjugated to the quatsomes and the conservation
of the final targeted quatsomes, which have a regular size below 100 nm with low dispersion
(PDI less than 0.2), that remains stable over a long period of time.

- This formulation has demonstrated the ability to complex miR-323a-5p therapeutic RNA and
this nanoformulation has been shown to be taken up by the IMR-32 neuroblastoma cell line
when the formulation carries 1 pumol of Chol-PEGios0-mal. Formulations carrying 4 umol of
PEGyl moiety and when this moiety is a PEG2000, RNA can be complexed to the QS but no
transfection to a neuroblastoma cell line occurs. This work is being continued by the research
group of Dr. Nora Ventosa and Dr. Mariana Kéber at the Instituto de Ciencias de Materiales de
Barcelona (ICMAB-CSIC) and their collaborating group of Dr. Miguel Segura at the Vall d'Hebron
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Institut de Recerca.

Conclusions associated to chapter 3

-Two model peptides, Leu Enkephalin and Ile?3-Leu Enkephalin, were synthesized manually using five
different carbodiimides as coupling reagent in combination with oxyma. The carbodiimides used were
DIC and four alternatives: TBEC, DSBC, DTBC and EDC. These carbodiimides represent varying
substituents, with primary, secondary and tertiary carbons attached to the nitrogen atom in the core
moiety of these reagents. The carbodiimides were evaluated in terms of their synthetic performance,
compared to DIC ad well as their ability to generate the unwanted HCN by-product when reacted
directly with oxyma in the absence of amino acids and in conditions that favor the reaction.

The carbodiimide DIC can be replaced by TBEC in peptide synthesis. This carbodiimide shows
comparable synthetic performance to DIC when used in model peptides as well as in the
synthesis of a hydrophobic short peptide, the palmitoylated single epitope MSLN2 peptide.

TBEC reduces the formation of HCN 6-fold compared to DIC. This is not the lowest value
obtained, but it is the lowest of any carbodiimide with synthetic performance comparable to
DIC.

TBEC combines the good performance of the tert-butyl substituent - no HCN formation at all -
the ethyl substituent - only linear adduct formation - and that of a carbodiimide with two
different substituents in which the nitrogen atom is attached to primary carbons, such as EDC-
HCI.

The asymmetric carbodiimide TBEC is therefore an effective replacement for DIC, as it ensures

minimal formation of HCN and also performs fully comparable to standard DIC in SPPS for the
model sequences studied and the MSLN2 palmitoylated peptide.
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This work has produced three indexed publications in ACS journals, listed below.
Publication 1:

The work performed in this publication involved the synthesis and purification of two model
peptides using five different carbodiimides and characterize their synthetic performance, the
design of the experiments and the writing and editing of the draft.
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Amide Formation: Choosing the Safer Carbodiimide in Combination
with OxymaPure to Avoid HCN Release

Srinivasa Fao h'l.l‘nl‘ll’:_.v O'mar L1.11'|a,1;r Gerardo A Acosta, Miriam Royo, Ayman El-Faham, Gryorgy Orosz,

Beatriz G de la Torre,* and Femando Albericio®
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Cite Thiis: Owg. Lt 2021, 23, 6900—5904
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ABSTRACT: It has been mported that DIC cn mact with
with the concomitant

OxymaPure to render an oxadiazole

formation of HCN. Here we demonstrate that this reaction is not a _——
featore of all cabodiimides but rather depends on the allyl stctore '!__ " e
that fanks the two N atoms of the carbodiimide Furthermone, we have _‘I . _'_:,5:4-&*—-'- | ' —+ TEE i
identified two cartbodimides, TBEC and EDC-HCI, whose reaction o Tt [ L A — e
with OxymaPure is exempt from HCHN formation. “,n:_. %‘ ‘%

=

he amide bond i the most common bond not only in

nature but also in synthetic crganic chemistry,
reflected by independent studies camied out by both academia
and industry. ™ The ACS Green Chemistry Institue [GCI)
Phamma: eutical Roundtable (PR) has even incuded the amide
bond as one of fhe 10 key green chemistry research aress,” thus
highlighting its relevance. As in the field of protecting
sz]:,"" research on amide bond formation has been fueled
hygrwpswmiinginﬂupepﬁdedﬁn:kt’ymbmﬂﬁ:
regard, the seminal work of Shechan and Hes on the we of

dicycloherylcarhodiimide [MC) for in site activation of the P
catorydic group opened up new avenues for peptide 'I "
chemistry,” which crystallized a few years bter with the advent . R

of solid-phase P-:]:-hr:l-: synthesis [(SPPS) methodology

proposed by Memifickd These discoveries kid the foundation Fiaten [T

of what is today peptide synthesis® ORtoaier

The reaction of 2 carbomylic acd with a carbodiimide
renders the (acylsourea as the reactive specics (Scheme 1),
In the cady 19705, Konig and Geiger at Hoechst
adding 1-hydroxybenzotriazcle (HOBt) to the carbodiimide-
mediated mq.:])]ingm In that case, the active species was the
OBt active ester. Although this ester was initially thought to be
more reactive than the (tacylisoures, it & less reactive
However, in many cases this loss of reactivity is tanshted into
greater efficacy became the OBt ester is free of rearmngement
and fommation of the oxazolone, which is a secondary reaction
that takes place from the (Oeacylisoures, making the O
acylisourss less efficient than the OBt ester®

Thus, the (Macylisourea rearrangement i 2 side reaction that
renders the fully inactive N-acylurea. This reaction is i mportant
in dipolar aprotic sohrents, such as N N-dimethylformamide
[(DME), which are to date the sohent of choice for the
coupling reaction in SPPS." The highly reacfive (tacylisourea
0 A Americn Chemical Sorm iy

vﬂ:ﬁ Publications

can evolve to an oxazolone, which again is less reactive than
ﬂupmﬂnng‘np-mnd and, more importantly, highly prone to

racemizm fon.

peptide couplings have been done in the presence of HOBt,
which is showm in tautomer forms,” ™™ or its analogues, either
a5 an additive to the cabodiimides or a5 part of stand-alone
reagents, mainly iminium and phosphonivm slte” With the
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Published: Angust X3, 2021
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implementation of the Sflucrenylmethoxycatbonyl (Fmoc)
strategy instead of the ferfdbutorycarbonyl (Boc)

DCC was substituted by NN’ -diisopropylea thodiimide (DIC),
whose urea s m:nhbhuﬂﬂiu:ﬁnnuiﬂ:tomhmﬂ
after the

After September 11, 2001, ﬂuputuvm]h'u])hmmmof
HOBt and it m].tbecl h:aznh,"tl:nmm auu]-lguﬂ wam .
Lﬂwad.“ﬂmuemd:m:eﬂmgmdmachnl
explosive category, thus jeopndizing their mP-m:u'l:lm.

At that time, our group started 3 broad project to find 2 sfe
m]ﬂmuﬂﬁmiﬂﬂtﬂ\ﬂmﬂdhq}ucmmw omnits
efficiency. In this regard, a few years hter we ented ethyl 2-
hydroxyiming-2-cyanoacetate | OrymaPure ) a2 2 superior
reagent to HOBt in terms of coupling yield, minimization of
rcemimtion, and sfety. ™ Furthermore, we also proposed ( 1-
cyang-2-# thoxy-2-ox pethyli dene aminoo oy ) dim eth ylamino )-
{morpholine jcarbenivm heafluorophosphate (COMU)" and
{ 1-cyann-2-ethoxy-2-oxoethyl denesm incooxy Mri- 1 -pyoooliding-
phosphonivm heafluorophosphate [P}"ﬂl.:l_':n'n}u Olxyma Pure-
based stand-alone derivatives (Figure 1)

A 3
RCEH L e e e
— i gl_;jﬂ -, R
LU - L |

Croymarien oAl

Figore 1. OxypmaPore and OxpmaPuorebased standabone coopling
reagents

In spite of the excellent reslts given by ChymaPure
derivatives a5 coupling additives/reagents, we continued our
research to find more oxime derivatives to flfll cur motto

Pyl

""" In this regand, we were very interested i:'i?:qnu:ing
and testing the oxime dervative of Meldmm's acd"® became,
although the pK, of this derivative should be higher than that
of OxymaPure, its ather rigid and planar structure with two
carbonyl groups pointing out toward the potential oxime ester
could Evor an assiste d basic catal ysis similar to those described
for 1-hydroxy-T-azabenzotriazole (HOAL), and Ne-ethorycar-
bonyd-2-ethoxy- 1,3-dihydroquindine (EEDM).*

Surprisingly, although the onium deriative of Meldrum's
acid ?mcmﬂ:nt results similar to those achieved by COMLU,
the smple additive 5-(hydroayimine -2, 2-dimethyl - L 3-diox-
ane-dp-dione (HONM) in conjunction with DIC was
inethcient, as reflected by the ok of full convesion even for
a5y tm.:p]i:ng.w We demonstrated that the very poor
pedformance of DIC and HONM wes attributhble to the
efficient reaction of HONM with DIC to give the
DIC and inzhility to activate the catborylic group
(Scheme 2).°%

Kdis and co-workers at Ei Lilly recently observed that
Oxyma Pure akso reacts with DIC*” In this case, although the

Scheme L. Reaction of HONM with DIC

[
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formation of the adduct ocours to 2 much lesmer extent than
with HOMM, it can cyclize to give an oxadiamole with the
concomitant formation of HCM (Scheme 3)

Scheme 3. Reactions of Carbodiimides with OxymaPure™”

mvz%~-’3%'- «-ﬁ-

= e -
S S

b

These ma.r]!: were comobomated by Pawdas mdnu-wudn:
at Po]ﬂ)-qﬂ:lda Those authors eda reaction
in the presence of dimethyl tisulfide (DMTS) as 2 HCN
scavenger to further minimize its frmation.

Hersin we addressed the reaction of OxnymaPure with
various commercially available carbodiimides and their
performance in SFPS. In addition to the most frequently
used carbodiimides, we ko studied DOC, DIC, and Nesthyd-
N[ 3-{dimethyluminoe ) propy] Jearbodiimide  hydrochl oride
(EDC or WSC), NN'-di-secbutycatbodiimide [DSBC),
NN -di-feributy carbodiimide (DTBC), and N-farfbutyd-N'-
ethylcathodiimide (TBEC) (Figurs 2).

rrowl{ Cree O e freont-

T

Figure 1. Stroctores of the carbodiimides nsed in fhis stody.

All of the reactions were followed by liquid chromatog:
raphy—mass spectrometry { LC—MS). [t should be noted that
the formation of the adduct does not imohre the formation of
HCN. This compound is formed only after the cpclization of
the adduct to give the oxadiazole Indeed, the frmation of
omadiamle has been wsed a5 2 marker for HCN release
(5cheme 3)3°

First, the six catbodiimides were dismohed in DMF together
wﬂ]\ﬂqﬂna&ueata:aﬁnnfl:LThabﬂumanmmﬁﬂl
amine acd in the solution forces the side reaction to take
plece. Omne set of solutions were kept at 25 “C, and the course
wof the reaction was analyzed by LC—MS after 24 h and 4 days
A second set of solutions were kept at 80 “C and analyzed after
18 h

The results are shown in Talle 1. The resulis obtained with
DIC are consistent with those reported in the lemture by the
puu]:atE]:L:]]?auﬂldepqrhd: [entries 1, I,a:mlls-}ql'
Similar pesults were obtained when the iment was
repeated with CC (entries 2 vs 1, 9 vs 8, and 16 v 15). In
b-uﬂ\ﬁm:s,'ﬂuunmtnfaﬁﬁxtmhw,mﬂemﬂmuﬂ
nonexistent in the case of DCC (entry 2). It is important to

I i gL D e gl e |
g L. 31, 0, 2R (040
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Table 1. LC—HEBEMS Analysis of the Reaction of OxymaPure
with the Different Carlsodiinides”

DrymuPare addes  ccadioele
ety Gmwfhesp  cwbodimide (% (%) %)
1 MEBC D =y 35 78
2 oo @3 05 Tz
3 EDC-HO" %9 147 -
5TE
4 3.1]::|I|: 31’-:11.- &3 |ﬂ
5 DTHL m - -
& THSBE o 30 14
1
7 TBEC nE 281 -
£ ddup ™o =7 18 a7
s B DoC 5.4 T 140
1 EDC-HOTY ] 154 -
44
1 EIC-HCL/ 154 -
HEAY a1
1z DTEC 1 - -
13 DB .0 T3 13
14
14 TBEC E 237 08
15 1Ek/ DIC S 14 159
s o DoC 85 11 174
17 EDC-HO" %59 132 -
402
15 3.1]::1.1: :B::El,l' =S IE
19 DTG 1m - -
a0 DSEC D L5 09
115
21 TBEC 25 0.4 &1

“Reaction condiSors: OxymaPare/arbodimide (1:1) in DMFE. “An
exira peak with [M + H} = 35105 is observed See wf 22 fora
tentative mechanism and stroctore. 06l bath.

highlight that from a structural pespective, DIC and DCC are
similar in the sense that 2 secondary C atom is bound to each
M atom of the carbodiimide.

Mtulﬂum:ﬁmmrqrﬂmedﬁﬂiﬂﬂ,mi:
structurally similr o DIC and [OC, the reaction trend was
the same as before in all cases [entries & 13, and 20).
Interestingly, two peaks appeared with the same mass, which
could be related to diastereomerns

The relevance of steric hindrance was confirmed when the
reaction was studied with DTBC, in which the carbodiimide
muoicty i flanked by two fri-butyl groups. In this case, the
carbodiimide was maltered even after 4 days at 25 °C [entry
12} or 18 h at &0 *C (entry 19).

When the reaction was studied with the muech less hindersd
EDC-HCO, an asymme trical carbodiimide with primary carbons
flanking the cawrbodimide moiety, no formation of the
omzdiamle was detected However, this reaction yielded the
pu@utmmﬂn&'ﬂuddmtnh]]ﬂu:ﬁu[em-jua,m,

1']"]I Because of the asymmetry of EDCHCO, the
o showed two for the adduct [le
Suppuorting Lnfnm‘l:m for structhres). The reduced formation
of the adduct after 4 days compared with 24 h (entry 10 v 3)
could be interpreted in terms of hydrolysis of the adduct,
rendering again CrymaPure and the comesponding urea (in all
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cases, urea was obsenved by LC—MS] (Scheme 3). Same trend
was observed when the reaction was studied with EDNC-HC] in
the presence of NN-disopropylethylamine (DIEA ), which
R:M:nmﬁmnmﬂﬂunﬂmohlmmd“mﬂu:
came, in the absence and e of DIEA, 2 new

[M+ H]* = m::d:ad?nbumud.'['}mmzu

to the sx-membered-ring cpdic compound frmed by the
attack of the M atom to the carbony of the ethy] ester (see ref
11 for the mechanism and structure ). This peak also was
ohse rved with EDC-HO in the absence of DIEA, but ina very
ittle extension. It is very important to note that this sic-
m-l:l'l:l:-l:nncl-:l:i:ng m‘n])-mmd contains the (M moicty. There-
fore, its formation does not proveke the release of HON and
'ﬂ'n.u]:uum::iﬁ_

Finally, TBEC, which could be considered a hybrid of
DTBC (the tertbutyl part is mther unreactive } and EDC-HC]
{the ethyl part renders only the adduct, with no progress to the
oy bic m}])-u:ﬁnu:'nﬂlﬂ e:?ecbadmﬂubui! of the
results for DTBC and EDNC- HC] separately, with no formation
of the cxadiamole after 1 day and, importantly, no formation of
HCN. Under the most energic conditions (18 h at &0 °C),
some oxadisrole formed.

The pedformance of five carbodiimides in SPPS was studisd
using two model peptides. DCC was not induded because the
insohebility of the dicyclohexylmes in DMF precludes its use in
Fmoc chemistry. Leu-enkephalin  (H-Tyr-Ghy <G hy-Phe-Leu-
WH,} and 0e*-Lev-enkephalin (H-Tyr-lle-Oe-Phe-Leu-
MH,), with two Shranched amino acds in 2 row (Oe-lle),
which i a demanding coupling, were synthesized manually on
Rink-amide resin. The resulis, which are symmarized in Table
2, are in full agreement with the previous ones presented in

Table 2. Purities of the Pe Synthesized Using
Carbodiimide, OxymaPure” as determined by HPLC
by cwbodiuids  Leseolephali (%) ™ Lon-csbephilin (%)
1 ™ L] 6T
3 EDC-HO 00 T™T
3 DTRLC Ti5 98
4 DEBC 214 %
5 THREC w54 [T
'Euqil'guttpﬂfnmnﬂnﬂ't:jnqm magents swifhont

Tahble 1, which shows the reactivity of the carbodiinm des with
'D:qum Thaus, koth DIC [-e:rrh:y 1} am‘l "['.B\EII: [entry 5}

did EDMC-HCL Finally, Pﬂ:IE])-u:Enu:'nm of sterically ]'u:ru‘l-mcl
DTBC was much poorer, to the extent that it cannot be used
in SPPS

Finally, given that EDC-HCl is 2 reagent commondy found in
all chemistry bbormtories and that its we i not accompanied
by the fxrmation of HON, we addresed SPPS optimization
results for nonhindered protected amino acids (Lew-
enkephaling Table 3, entry 1), in situ acthation rendersd
better resulis overall (Table 3, entry 1). Finally, the addition of
an equimobr amount of DIEA to the in situ activation wsing
EDC-HO gave results similar to those found with DIC and
THBEC [Table 3, entry 3, vs Table 2, entries 1 and 5).

| e Mol g ML NI e ongl e ol
g L, 221, 20, &9 O0—4RRH
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Table 3. Purities of the Peptides Synthesized Using EDC-

HO/ OxymaPure” as Determined by HPLE
m«?ﬁn 1™ Les-enbapblin
T carclionn %)
1 in i acsvison” 79T
2 ek S S !-!L'l 5@
| T ep—— 953 sz

“Coaplings were performed for 30 min osing 5 equiv of reagents in
DMF at 25 "Ei:rﬂ]m.h“l’hh]t 1, eniry 1. “Preactimtion of the
anﬂ.mwnﬂdﬁrﬁm‘?rmtfﬁtlrmﬂ.m
mdﬁr&mhlnﬂ::m&i:mhnfﬂm

In condusion, we have demonstrated that not all
carbodiimides have the mme meactivity with OxoymaPure
Their reactivity is modulated by the steric hindrance of the
alkyl moieties that flank the cubodimide bacddone Thus,
terfiary carbon groups such as the feorf-buty] groups in DTBC
prevent the formation of the adduct, which & the fist step of
the secondary reaction. In contrast, primary substitvents, such
a5 thise in ED{C-HO, uﬂmﬂ'ﬁefm:‘mhmod:’ﬂudduct,
hu't'r}llomnpnl.mddn-ﬂrm e to the dizzol
thereiore, HCNdn-ﬂ:mtﬁnn.Ern]]rmﬂu:mmm]
mﬂwqﬂuuﬂmﬁnﬂnmhﬂmﬁdhmﬂaw
substituents, namely, DIC, DOC, and DEBC, led to the
formation of the cmdisrole with the formation of HCH. From
the pempective of coupling efficency, all of the carbodiimides
except DTBC were found to be suitable for SPP3.

To aveid the fomation of HCHN, the use of the hybnd
THEC, which combines the good pedformance of the tertiary
formafion of the adduct), or a carbodiimide with two primary
substituents such as EDC-HC] would enswe a HCM-free
reaction. Preliminary resulis camried out in our bbomtory have
shown that in 2 stundurd coupling, formation of the cxdiazole
is not observed at all when the activation & camied out either
with TBEC or EDC-HC] in the presence of DIEA
Furthermore, racemization wsing TBEC for protected Hig
which is the most demanding amino 2cid, is com to that
observed with DIC (a2 complete study will be published
elsewhere). To reinforce the walidity of TBEC, Indebski and
Eunce reported that this carbodiimide (it was called BEC)
showed peformance smilar to that of DIC in 2 model study ™
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https: / /pubsacs org/ dod/ LL1021/ scs arglett 1oD24406.
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ABSTRACT: The undesired reaction between carbodiimides (peptide coupling reagent) and OxymaPure (peptide coupling
additive], which takes place in very low extension during peptide bond formation, is dependent on the steric hindrance aroond the
carbodimide backbone. Carbodiimides containing tertiary substituents on N such as di-fert-butylcarbodimide do not activate the
casbaxylic group propery; the presence of secondary substituents such as in the case of diisopropylcarbediimide (DIC) leads to the
formation of cxmdiarcle and HCN; finally, primary substituents render an adduct of oxadiszine and no formation of HCM. fert-
Butylethylcarbodiimide (TBEC), which is a hybrid of primary and tertiary substitnents, leads to the formation of exadiarine with no
concomitant formation of HCM. Furthermore, TBEC outpedforms DIC in terms of yield and minimization of racemization as it is
demomstrated herein.

EEYWORDS: carbodiimides, OxymaPure, oxadinsing, oondiazole, racemization

B INTRODUCTION Recently, Kolis and co-workers reported that OymalPure

The amide bond is probably the most commen bond found in 2 With an excess of DIC, forming a linear adduct

patre and ic chemi I:l.'".l": Tts sve. presence Furthermore, it can lead to the Eﬂﬂ'll':liliﬂﬂ'l of oxadiazole and
. d her with the significant development of HCN as byproducts (Scheme 2)."" Later, Pawlas and co-
in pephices, workers demonstrated that the formation of HCN can be

peptide synthesis in recent decades, has allowed methods inimized by using the green solvent mi Neb i
originally developed for peptides to enter general omgamic  pagne gl acesate (E:OA) f|_~+} instead of N, N-

synthetic chemistry.”™ Since the application of NN g iformomide (DMF) in the presence of dimethyl
dicyclohexyplcarbodiimide (CC) by Sheshan and Hess in trisulEde as an in sitn scavenger.'”
1955, carbodiimides have been the reagent of cheice for In this contert, owr goup recently described that the

peptide bond Eurm}l:in'n. Hewever, oves time, N N'-diisopeopyl formation of cxadiazole and HCN can be minimized and even
carbodiimide (DIC) has replaced DOC, whose wrea formed as suppressad with an fate tocol for the sequence of
a side prodoct showed solubility ssues. DIC and other reagent addition." TabF:anbuEEudiﬁnn: were I'Tm'ﬂ to be
cashodiimides react with the carbeaylic group to reader the the preactivation of the Fmoc-amino acid with only DIC for
highty reactive O-acplisourea (Scheme 1), which undergoes 2—5 min, fallowed by the addition of the resulting mizture to
rearrangement to the total nactive N-acylurea ar, in the case of the peptide resin. CxymaPure can be added to the resin before
a-aming acids, evolves to cxazolone {Scheme 1), which shows or after the preactivation misture.
poor reactivity and provokes the loss of chiml i:-.mg-jr,-_" Ta Furthermare, we addressed the reactions between Oxy-
keep the sfficiency of carbodiimide-mediated coupling, Konig maPure and several carbodiimides, such as DIC, DCC, NV -
and Geiger proposed adding 1-hydroxybenzotriazole {HOBL) disechutylcarbodiimide (DEBC), NN-di-terf-butyl carbeodii-
to the conpling cocktail” because the OBt ester (Scheme 1) mide (DTBC), N-teri-butyl-N'-ethyl carbadiimide (TBEC),
formed shows good acylation ahility, although less than that of ~ 30d N-ethyl-N'-(3-{ dimethylamina )propyl) carbodiimide hy-
the Ohacylisourea species, and therefore minimized the side drochloride (EDC-HCl or WSC), to study the extension of
reactions associated with the over-reactivity of O-acyliscurea as that side reaction {xadiazole and HCN formation] with other
shown in Scheme L.
However, the explosive nature of HOBe-based additives led Receved: July 12, 2022
them to be grouped in the Class 1 category, thus restricting Published: September 9, 2021
their use.!! In this context, ethyl 2-hydroxyimino-2-cyanoace-
tate {OymaPure),'" ™" which has been classified 25 2 green
reagent by the ACS Green Chemistry Institute [(GCI)
Pharmaceutical Roundtahle,'* has replaced HOBe

w7 ACS Publications, =70 SRS gy, o, e A e 05 38, 0 2098
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Scheme 1. Mechanism by Which Carbodiimides Activate 2 Protected Amino Acid in the Presence of an Additive [ HOBt or
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Scheme 2. Formation of the Adducts during the Reaction of (xymaPure with Carbodiimides™

Oranliaxirer 1] from TBEG-

“Structure of aradizzine (3] fom TREC

Dwaivle widunt (1)

carbodiimide congeners.'” Briefly, we have demonstrated that
the reactivity of carbodiimides with ChrymaPure depends on
the steric hindrance aroond the carbodiimide backbone. Thus,
tertiary carbon groups (DTBC) do not form the linear adduoct,
but primary substituents {EDMC-HCI) enhance the formation of
the adduct but this does not evolve to oxadiszole In both
cases, neither oxadiazole nor HCM is formed, but both show
poor reactivity due to steric hindrance {DTEC) and
nonproductive consumption (EDC-HCI). Secondary suhstito-
ents (DIC, DCC, ar DSBC) led to the formation of the linear
adduct and then cxadiazole and HCM. In oor hands, the use of
the hybrid TREC, which combines the good pedformance of

147

the testiary substituents (no reaction at all} and primary
substituents {onky formation of the adduct), snsures an HCN-
free reaction.

Although the strategies proposed by Pawlas’ group and our
teamn minimized and even m]:ptuuﬂ the formation of HICH,
we were intrigued to fully understand why carbodimmides
containing primary substituents, which are highly reactive, stop
at the adduct step and do not proceed to the formation of
oxadiazole and HCM.

First, the reaction between DIC and OxymaPure (1:1) (in
the absence of the carboxylic gm'up:] in DMF at 25 "C was
studied {Scheme 2). Initially, and as expected, the formation of

el 0.1 03 s oprd 2o 120
Orp frocms e Do 5022, 5 SEA-209T
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Table 1. LC-HREMS Analysis of the Reaction of OxymalPure with DIC and TBEC

& Dic e Emear addect (2) (W), ET 63 mmadiazine (3) (%), BT 135  omdimake (4) (%), KT 59  OnoymaPure (%), BT 64
1 I0 min Lb9 - - 3
) 1k a4 s Al
3 4h L4 - LiE 9T.IB
4 5k L nas L5& AT
5 &d ns3 448 501
¥ TBEC  time double addect (1) (%), KT 139  madiozioe (3) (%), BT 140  Omdizoke (4) (%), KT 58  OrymaPure {%), KT 6.4
& B0 min 37 A8S - P5TE
T 1k no3a A7 B
8 b Lo ALS PEE3
B ik 0z a0z - 568
o ad ATe oo .58
¥ DTBC  time addusrts (%) xadiazing (%) oxdirok (%) OwymaPure (%), BT 6.4
11 B0 min - - 1iod
Lz 1h 100
L3 4h 100
L& 5k 100
15 &d 100
the binear adduct I::]} was observed at retention are in consonance with the mechanism pmpuul:]in Scheme 2,

um:-}lz;th']?}linh min {Figure 51). After 4 b, cxadiazale {4} with
the concomitant formation of HCN appeared as shown in
Scheme 2 (route A} (RT 5.9 min, Figare 51). After 4 days, the
linear adduct (2} was completely comverted to coadiazale (4)
and #0 2 new com nmaﬂ.ﬂrecrdi.n:adduct(:i}
{ oxadiazine, route B, Scheme 1), which was more hydrophobic
(BT 13.9 min, Figure 51) than the linear adduct (2} but had
the same mass {Scheme ). Results are summarized in Tabke 1
I:# 1—5} Nuﬂrﬂ'mnmrhepmpunfﬂuhindl’ﬂh
observed this compound in previcus works' "

Mext, the reaction between TBEC and ChrymaPure was
studied under the same conditions as before. Interestingly,
OxymalPure reacted with two molecoles of TBEC to form tiny
lmuntnflduul:l:a:l:luct{l}lruﬂrnwin&hxml I::rnut:
C} (BT 139 min, Figure 54), and with one molecule of TREC
to render only the cydlic adduct (3) (ozadiarine with BT 14.0
min, Figure 54). In this ::.rqlll.:l:rdmp]ﬁ.licﬁnmadin:t{]}
was not identified This could be expliined by its high
reactivity, which probably allowed it to fully convert to the
cyelic adduct (%), which is a stable molecule. Takle 1 (# 6—10)
summarizes the experimental results found.

Furthermore, we studied the reaction between DTBC and
DaymaPure under similar condifions. However, no adducts
and side products were identified (Table 1, & 11—15) (Figure
5E). In the case of the reaction of EDCHCI with OtoymaPure,
two adducts appeared at BT 227 and BT 573, respectively
I:S.:h:m: 51 and Figores 510— S]l:l' The cude reaction was
injected into a preparative high-performance liguid chroma-
tography {prep-HPLC) system for purification and anabysis.
spectrum. of purified peaks showed that the adducts are
unstable and react with water and form corresponding
hydrotyred products (Scheme 52 and Figures 513 and 514).

The crrJ.u: adduct (3} fmcﬁ:.un:} from the TBEC reaction
was purified by silica-gel column and
by NMR spectroscopy and LC—high-resalution M5 (HREMS).
The nitrile af OxymaPure, which appeared at 10748 ppm
in “C NMR (Figure 518}, completely disappeared after the
reaction with TBEC. Similardy, a characteristic C=NH peak
was observed at 924 ppm in the 'H MME spectrum
:mﬂpﬂndi.ng to omadiazine {3-]' [Figu:n: Sl?}l. These results
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where intramaolecular ion involving the WH and nitrile
groups in the linear addoct (2} leads to the formation of a
carresponding  siz-membered ic oxadiazine (3). This
oradiazine (3} could alss be formed from the double adduct
(1); however, it was not possible to isolate it due to the tiny
amount formed. Chadiagne (3) was finally confirmed by
electrospray ionization (ESI)-HRMS (Figore 521). This
oradiavine (3) was stable even after 4 days, and it prevented
the formation of oxadiazole and HCN, ankke DIC-Oxymalure
which forms aradizzole and HCN (Figures 51).

Under these stress conditions (the reaction of just
carhodiimide with OymalPure in the absence of the carbarylic
group), the only reaction possible was the formation of adducts
with the concomitant formation of oxadiazine f}} in the case
of TBEC and of axadiarole {4) and HCN in DIC. Therefore,
we studied a more real g case of Fmoc-Ala-0OH onto H-
Ala-Phe-Leu-O-chlorotrityl (CT) resin with carbodiimides and
ChrymaPure as 2 model reaction.

The experiment (Table 2) was done under preactivation
conditions using 3 equiv of reagents. Thus, Pmoc-Ala-OH and
OaymaPure were mized for 15 s, and carbodiimides were then
added. After an additional 15 5, the mirture was added to the

resin. With DIC, the presence of the linear adduct (2)
and cxadiazole (4) was observed in a short time (# 6—8, Table
1). Hawever, in the case of TRAEC and EDC-HCI/THEA, no
side formation was observed [linear addwct (2],
oxadiazine {3), or cxadiazole (4}] (# 1-5, 911, Takle 2;
Figuares 515 and 516).

In our previous work with Leo-enkephalin pc]mdu,n a
prefiminary report demonstrated the efbciency of TBEC as a
coupling reagent in terms of yield. However, to confirm its full
suitability for a solid-phase synthesis protocol (SPPS),
racemization during the coupling and its use for more
:,umpﬁa.t:d pcpﬁl:]l:: require confirmation.

Among the 20 aminoe ackds, His, Cys, and Ser are highly
prone to racemimtion during conpling.*** Therefore, here,
we used three seqoences H-Gly-Xoo-Phe-NH,, where Xex
denotes His(Trt), Cysi Trt), or SE{I'Bu:I a=a murdel pepbde to
determine the degres of racemiration™ % The

were assemnbled by stepwise solid-phase :,nll::ﬂrud:uuﬂhl
min n'f]:lutl.l:liiiﬁnn or in sitn activation osing Fmoc-A8-OH-

il 10 00 ey oprd 2o 120
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Table 2. LC—HBEMS Analysis of the Coupling of Fmoc-Ala-
OH onte H-Ala-Phe-Leu-0-CT Resin Using Carbodiimides

and OxymaPure at 25 *C

oxaduaring axadizmle ‘OmmaPure
¥ TEEC = {3) (=) (4} (%] (%)
1 1 min 1]
1 40 min L]
E] B0 min 100
£ 1d L]
5 4d 1
# D" time limear addst  omdizole
(2] (%) (4} (%) (=)
[ 1 min L5 8.5
7 40 min 07 al ]
k] B0 min 03 k] [t
£ EDC- andiamme omdizole
HEL 13) (%) {4} (%} (%)
DIEA
L] 1 min L1
1 40 min L1
11 B min 1]

“These results were chtained from 2 previousty published article

CymaPure-carhodiimide (3 equiv, 1:1:1 mtis) for 1 h in
DMF. To ensure the identification of the DL ]l:‘]ﬂ:ll:‘:lr the
diastereomers w:rl:putnons}f:lrnﬂ::lundr and the best elution
methed for each DL/LL pair was adjusted. The results are
summarized in Table 3 (Figores 522—-548). In all three
tripeptide: ces, TBEC showed a greater capacity to
suppress racemization than DIC, EDC-HC, and EDC-HCLY
DIEA in both in situ and preactivation methods. This dor
performance may be lnked to the synergistic role of hybrid
substituents in TBEC. In this regard, the primary moiety of
carbodiimide should be more reactive than when secondary or
tertiary sobstitusnts are present. It is important to highlight
thiat le resalts were obtained with EDC-HC/DIEA
(# 4, 8, 12, Table 3).

Finally, the efficacy of TBEC as a coupling agent was
demonstrated and lDDCIZIZIPI.I.‘Ed'I‘I‘I‘]I th.lt-ul’ﬂIC'Em’lhl:qnﬂr:m
of the following model peptides: ETACE (H-VQAAIDYING-
NH,}, ABRF 1992 {H-GVRGDEGNPGWPGAPY-NH,}, and
maodified decaalanine {H-AAAAAAAASARKKE-NH,), a diffi-
cult and repetitive sequence prone to several deletions. The
synthesis was with Fmoc-Rink Amide AM-resin
{052 mmol/g) in DMF as a schvent using a CEM microwave

Peph.dl::lrnll:.l:luﬂ' fnmpﬁmimeﬂ ﬂ:ndardmu]ﬁ.ugnfll&:
and deprotection of 95 s). The peptides were deaved from the
peptidyl resins, and the cude products wers analyzed by
HPLC ["Tal:ﬂc 4 and Figores 540— 554-}

Table 4. Percentage Purity of Long-Chain Peptide

BT
#  oospling reagent (=) {*? {!F
1 THEC/OxymaPure ] T453 ETS3
I DG/ OmymaPune 4R TiTE B5.30

a0, Purity determined by HPLC.

The carrier  protein (5TACP) is a unigue and
challenging molecule that has become a peptide of choice o
validate the :|1.|.|.I=l!|j of I.III given resim, cnnl:llmﬂ; agent, or
rruﬂ::h.c]:u‘n'bn-nud [nr EPPE A ACP s appropriate becanse of
its characteristic low yield, which results from internal
reactions such as aspartimide formation and other modifica-
tions. HPLC revealed that the purity of the synthesis of
EMACP obtained with TBEC (Figure 550) was better than
that ohtained with DIC {Figure 545). Similarty, a higher purity
was recorded far the analysis of ABIF92 with TBEC (Figure
552) than for the synthesis performed with DIC {Figure 551).
Finally, the parity of the 13-mer ]JI:‘]II‘.i.dI: flnudiﬁcd
dEﬂihlﬁll::' obtained wsing TBEC {Figun: 55-1-} was again
found to be better than when DIC was wsed (Figure 5530
althongh in very low extension {less than 1% during a normal
coupling reaction using imolar amounts of both reagents
and protected amino acid). This reaction was found to be
dependent on the steric hindrance around the carsbodiimide
backbone. Although carbodiimides containing tertiary carbon
groups (DTBC) do nat give this side reaction, they are alsa
not very efident as coupling additives.”” Those containing
primary substituents such as EDC led to the formation of a
cyclic adduct [exadiarine (3)], which only represents non-
productive consumption of carbodiimide. On the other hand,
carbodiimide containing s :nunda.rr substituents led to the
formation of an omadiazole {-1-} with a concomitant formation
of HCM. Following this behavioral pattern, TBEC, which
combines the good performance of the tertiary substituents
(no reaction at all) and primary substituents [onky formation
of axadizzine [3)], ensures an HCN-free reaction with less
racemization f]n'e:.l:ti:!:ﬁnn and in situ activation methods)

Table 3. Racemizration Studies on the Solid-Phase Assembly of H-Gly-Xax -FPhe-NH, (X = His, Cys, or Ser)™

§

couplng modal
H-Giy-Jjg- Phe- N, TEEC
ulis
EDC-HEI
EMC-HECL THES
TEEC
Dic
EDC-HCI
EIC-HCL THES
TEEC
ulis
EDC-HEI
EDNC-HCL THES

H. Gy Cys- Pha NH,

R - AT A N Y

H-iGiy-Ser-Phe-NH;

i
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DIL/LL (%) preactvation DL/LL (%) in sits acthation

L 112
158 130
459 an
754 B
nd nd
nd 071
02 0.5
152 175
o017 n1=
o3g 035
nd oz
535 495

e Lo 10100 feryoprd Je00120

g Frocms R Do FI22, 35, SE4-209%
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and shows similar or better reactivity than that of DIC as it has
been demonstrated in the l’rnl‘]:ll:'!i.i of cnmpl-n model

This work also evidences that EDC-HC in the presence of
DIEA Pn:rrnl‘.:s an mu-nqrtaHE level of racemization in the
case of the coupling of protected His, Ser, and Cys residues in
EPPS. Although EDC-HCI is broadly used in solution peptide
di:m.ish'r, there is Little information in the biteratore about the
loss of chirality that it canses.

As a fnal conclusion, the results outlined in this work
confirm that TRBEC conld be an efficient replacement for DIC.
To the best of our knowledge, the chemical, physical, and
tozicological properties of TBEC have not been thoroughly
imvestigated, but TBEC as DIC does belong to the
carbodiimide family, and therefore, it could also present
allergenicity. However, the use of TBEC is not associated to
the formation of HCN as the DIC does. Furthermore, in terms
of keeping the chirality of the activated protected amino acid,
the TRBEC pesforms shightly better than DIC. On the other
hand, the price of DIC is currently moch more fvorable based
on mnrrmnftmﬂlkmpnf'ﬂ::uigmlhmmrmm
in industry and academia alike. Although the price of TBEC
could go down after the implementation in large-scale peptide
synthesis its ]Jli:l:'lrill pml:al!lr'b: superiar to the one of DIC
due to the reguirement of wsing ethyl isocyanate, which is an
expensive starting material.

B EXPERIMENTAL SECTION

General Information. All solvents and resgents wsed in
the experiments were bought from commercial suppliers and
were used farther without any purification unbess otherwise
indicated. Fmoc amino acids, Fmoc-Rink Amide AM resin
I:I:I.'H- mmuLu"g;]lr and cl:.lm‘n‘h‘i.lykh]nrid-: {L'n::l resin I:l.ﬁ
mmal/g) wers purchased from Iris Biotech GMBH { Mark-
tredwitr, Germany). Carbodiimides were gifts from Luzem-
bourg Bio-Technologies, Mess Fion, and P B Was
supplied by Sigma-Aldrich (St Louis, Missouri, USA). DME
and H nality CH,CMN were purchased from SEL (CRD-
S“'.L, Intﬁl} Bﬁ]ﬁ-q_watﬂ was used for mpb.lu [RP:I
HPLE analyses. Analytical HPLC was pedormed on an Agilent
1100 system using a Phenomenes Aeris TMCLE (3.6 gm, 4.6 x
150 mm)} column, with a flow rate of 1.0 ml/min and UV
detection at 220 nm. Chemstation software was osed for data
processing, Buffer A: 0.1% triflnoroacetic add (TFA) in H,O;
buffer B: 0.1% TFA in CH,CN. LC-M5 mPﬂ.{m‘mﬂd an an
Ultimate 3000, an AerisTM 3.6 ym wide column, and a
Phenomenes C,, (4.6 mm £150) column (system 2). Buffer A:
0.1% formic acd in H,0; buffer B: 0.1% formic acd in
CH,CN, flow 10 mL/min, UV detection 220 nm. NMR
spectra were recorded on 2 Bruker AVANCE 111 400 MHz
spectrometer using G, as the salvent and tetramethylsilane
as an internal standard. Chemical shifts () were reported in
lepumdlmn,mdlpm—lpmm@hngmumm

given in hertz. Abbreviations to denote the moltiplicity of a
l.rl:lqu.I.r signal are s (singlet), d (douhlet]), t Fl:npl:t} q
E‘qu:.ru:l and m fmnlllp.l:t}l The reaction
purified hrmlmnchrnm:mmphrungaslﬁugﬂ{ﬁﬂ—lm
m;ﬂl}lanclEtﬂﬂcﬂ:mn:um:hm‘Lth‘m‘hmm:ﬂ
under reduced using a Buchi rator.

Enlﬂ—ﬂﬂmw& swtheﬂ;nt;;r lTl'.a»'P:errizathn
Studies. All i were synthesized following the standard
Fmoc/tBu-based SPPS. Fmoc-Rink Amide AM resin (0.74

mmal /) was used as a solid support for the peptides. Initially,
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the resin was washed using DMF (3 % 1 min), DCM {3 % 1
min:lr and DMF l:,':l- x 1 mi.n:l'. The Fmoc group was
d Emdbrhmmnf&emﬁuﬁrhlﬂﬁpipﬂidin:f
DMF (1 % | min and 1 % 7 min), followed by washing with
DM:F The l:rntl:cted Fmoc-amino  acids {3- rqu.rr}l
d using carbodiimide {3 Eqm}:ndﬂ:rma?m{:-!
equiv) in DMF, as coupling reagents, for 1 b at mom
temperature {rt]l. This was repeated until the fnal peptide was
achisved. Fmoc from the last coupled amine acd was removed
as explained above. After drying the peptidyl resin, cleavage
was performed by treating with TEA/TIS/H,O (95:2.5:2.5)
for | b at rt. The cleavage mixture was then precipitated with
Et;(} and centrifuged, and the pellet was redissobved in H,0/
MeCH (1:1) for analtysis by HPLC and LC—MS.
Solid-Phase Peptide Synthesis of ®™ACP, ABRFI2,
and Modified Decaalanine. The es were carried oot
on Fmoc-Rink Amide AM resin {loading 0.74 mmaol/g) under
microwave conditions using a CEM Liberty Blue system. The
synthesis was caried oot using a fvefold excess of protected
amino acids and reagents. qud::wmrrnﬂ::medu.mgrhe
uuuuph.mud standard co af 125 5. The resinsg
were cleaved by treatment with TRA-TIS-H,0 (95:2.5:2.5)
(10 ml/g of resin} for 1 b at rt Precipitation was then
achieved by the addition of chilled diethyl ether (5 mL/mlL
cleavage cocktail). After centrifagation, the peptides were taken
up in waber. were then HPLL and LC—-MA.
F hararmmﬂmnn DmaEJ{hmﬁ;dhﬁ-merr—Bm{rmJ—S
ethyl-4-imino-5 &-dihydro-4H-1 2 5-oxadiazine-3-carboxy-
late [Oxodigzine 3. Brown liguid; 'H NME (400 MHz,
CDCL): & 924 (be s, 1H), 4.43—438 (g, [ = 6.8 Hz, 2H),
4.03—398 (g, | = 68 Hx, 2H), 1.41-137 (1, ] = 7.2 Hz, 3H),
1.29 (s, ®H), 1.18-1.15 {t, ] = 68 Hz, 3H}; "C NMR (150
MHz, CDCL): § 16008, 143.7, 14001, 135.8, 3.4, 533, 37.8,
307, 14.1, 10.7; FT-IR (KRr): 3323, 2973, 2157, 1608, 1614
cm”~'; HEMS (ESI) mfz [M + H]" caled for CH, N0,
169.1614; found, 2691619,
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ABSTRACT: Peptide-based cancer waccines have shown promis- - -~
ing resalts in preclinical trials focusing on tumor immunotherapy.
However, the presence of hydmophobic amino acid segments within
these ide sequences poses challenges in their synthesis,
purification, and solubility, thereby hindesing their potential use 27777
as cancer vaccines. [n this study, we successfhlly synthesized peptide By
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PELylation

sequences derived from mesothelin (MSLN), 2 tumor-assodated < + iz iz
antigen ow essed in pancreatic ductal adenccarcinoma :"’::IT::":I

(PDAC) by conjupating them with monodisperse palyethylene
ghral (PEG). By PEGylating mesothelin epi af warying
lengths (ranging from 9 to 38 amino acids) and hydrophabicity (60— 90%), we achieved an effective method to improve the peptide
yield and facilitate the processes of synthesis and purification. PE(rylation significantly enhanced the solubility, faclitating the single-
step purification of bengthy hydrophobic peptides. Most importantly, PEGylation did not compromise cell viability and had Gttle to
no on the immunogenicity of the peptides. In contrast, the addition of a palmitoyl group to increase immunogenicity led to
reduced yield and soluhility. Cherall, PEGylation proves to be an effective technigue for enhancing the sobobility and broadening the

range of wtility of diverse long hydrophobic peptides.

B INTRODUCTION

Pancreatic doctal adenccarcinoma (PDAC) i one of the most
aggressive forms of cancer, killing about nine in ten patients
within % years after diagnosis.'” PDAC is extremely difficult to
diagnose at its early stage,” and most patients are diagnosed
only after the cancer is metastasized” Cumently, the oaly
curative therapy for PDAC is sargical resection, bat fewer than
0% af luu.ti:nr_s have resechble tumors at the time of
diagnosis.” More than B0% of patients are diagnosed with
advanced-stage tumors, for which median survival with
chemothermpy i less than 1 year®* In stark contrast to
other tumar types, targeted therapies in multiple large-scale
trials have been unsuccessfol for PDACS" Nonetheless, a
broader understanding of the resistant PDAC tumor and its
intricate interactions with the immune system has opened new
avenues of treatment.

Recently, the incorporation of imm in the
treatment of various solid tumors has marked 2 paradigm
shift in oncalogy.™'" Immune-based therapies aim to recroit
and activate immune cells to eliminate tumor cells. Ameong
these therapies are peptide-based cancer vaccines'' Cancer
vaccines work by the same principles as vaccines for other
diseases, where the active ingredient triggers an immune
response that generates 2 long-term immuonity to a foreign
antigen. Cancer vaccines train the immuone system to identify

< ACS Publications o
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tumor antigens as “foreign,” targeting and eliminating cancer
cells.'**? Peptide-based cancer waccines are made wp of a
sequence of amino acids derived from tumar antigens that are
cither present in both normal and cancer cells but overex-
pressed in the latter (tomor-assodiated antigen) ar solely foand
in cancer cells (tumor-specific antigen)."* From these tumor
antigens, the selected sequence can be in the form of a single
epitope, a long peptide chain containing multiple =pitopes ar a
cocktail containing multiple separate Epimpu.“ Long multi-
epitope peptide vaccines are ideal since they elicit a strong
immune respense and are less prone to :n.trmll:i.n: digestion
and elimination from the body (Figure 1). © However, the
synthesis of combined long peptides comes with challenges in
handling and :!|:||1.|.|:|i].i.l::r.IT

Since its introduction in 1963 by Merrifield, " solid-phase
peptide synthesis (SPPS) has become the strategy of choice for
the synthesis of peptides used in research and for the vast
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Figure 1. PEGylated peptide-based cancer wvacrines for PDAC
immuratheragy.

majority of peptide-based pharmacentical ingredients.'™
Synthesis of long peptides {>25 amino acid {22) residues)
implies a greater likelihood of being accompanied by many
impurities derived from incomplete amino add couplings™'
l.nd::nnndi.rr reactions in the deprotection,™ cowpling™ or

cleavage steps.™ There are also small and medium-sized
Pepu.d.ul:l.q:h: 10 and 15 aa residues, r::]rermﬂﬂ which are
very difficult to synthesize with 2 decent quality by SPPE™
The impurities, mostly truncated peptides, are often dificult o
chromatographically resclve from one another, espedally as the
sequence grows longer. This makes rhem:.nd:.h:rr]mnﬁca
step much more difficule. ** Furthermore, the recovery af pure
prodacts declines with increasing hydrophobicity of the
sequence.”” Finally, the hydrophobicity of certain sequences
greatly Emits their dewnstream lication, as they are aften
restricted to dimethyl sufoxide (DME0) for sclubilization,
which then needs to be diloted with agueows buffers for
campatibility in bicassays due to the taxicty of most organic
sohvents ™"

We hypothesized that these synthesis, purification, and
solubility problems can be overcome by conjugating poly-
ethylene ghyeol (PEG) o the phobic peptide sequences.
Hezrein, we delineate oor toward this end uwsing
caombined peptide sequences cowering epitopes from well-
described tumor-associated antigens overexpressed in PDAC.

B RESULTS AND DISCUSSION

In this study, we selected peptide sequences that cower
mesothelin epitopes that are known or predicted to elicit an
immune response against PDAC. These selected mesothelin

epitopes were synthesized either as a single epitope (short) or

as a multiple epitope (long) peptide sequence. A palmitoyl
group was also added to increase the immunogenicity of the
sequences. We investigated the impact of PEGylation on the
synthesis, puarification, and sclubility of the peptides.
Furthermare, we conducted bicassays to evaloate the efect
of PEGylation on the cell viability and immunogenicity of the

Design of Peptide Sequences. Mesothelin (MSLN) is a
40 kDa cell sarface glycoprotein demonstrated Fl:v:uuﬂg b;tr
El]ru.nnnm:lputu be a tumor marker for POAC
|I:]:uul|m|:=d in mormal tissaes and has significant
overexpression in almost 90% of PDAC cases,”’ making it an
attractive candidate for cancer imm . MELN over-
expression has been demonstrated to promote proliferation,
achvancement of the cell oyde, and survival of cancer cells. ™™
In many PDAC cases, it is also associated with sharter overall
survival and resisknce to d:.unnﬂunw which undemscores

the impartance of targeting MELN.™
As such, we selected three hydrophobic MSLN epitopes,
MSLN 1-3 that have been predicted to I:rig:gu an immune
L'EIRIIIHE wing publicly available epitope fom serv-
mamely SYEPEITHI™ and BIMAS.™ The sequences
were ]uLn.:d Ing;l:t‘h-u' using a cathepsin-like deavage site (KK
or Lys-Lys)™ to cbtain the long-combined peptide MELN 4
(Takle 1) The peptide sequences MSLN 1—4 inchade a range
of lengths, covering amine acid residues from 9 to 38, and
exhibit diversity in relative hydrophobicity levels, extending
hmmmmmwﬁdﬂm PEGylated to enhance
their salubility and palmitoylated to increase their mmuencge-
|:|.i.|:'||‘:,'.“‘:"'I Although the specific mechanisms for how fatty acid
effect has been reported.’” Modifications sach as thos in
peptide sequences derved from self-antigens are necessary
given their low immunogenicity, potential for inducing
immune tﬂmmﬂ I:be generally poor immune response
against tumer antigens.’
Peptide PEGylation. Synthesis of Fmoc-PEG 23 Pro-
pionic Acid 4. For peptide FEGylation, we first synthesized a
heterobifunctional PEG with Fmoc and a
carbaxylic acid functional growp. It was cudial to start with
to reduce the necessary purification work kater and to ensure a
single miolecalar identity. We chose a > 1000 Da PEG since it is
one of the very few long PEG uﬁgumu:: that are available in
monadisperse form in multigram
andupﬂ!emePﬂ: 13 propionic ln:ld'lns synthesized
from monod: e amino PEG acid 1 obtained from Palypure
(see Scheme 51). Amino-PEG acd was fimst converted to
amino-PEG methyl ester 2 by a repeated cycle of heating in
methanal with HCl and evaporation ander reduced pressure.
Amino-PEG methyl ester 2 was protected with a Fmoc groop

Table 1. Mesothelin Epitopes for PDAC Cancer Vaccines

epitape coverage in MSLN wuEnc length !-lrrﬁuphdl: Tesidues™ ﬂ
MELN L S41-555 FLTVARNT ELLGPHY 15 —34
MELN 2 LI7—126 ALPLOLLLFL 1 W — 1
MELN 3 I0-2B SLLPFLLPSL 9 TE =149
MELN 4 S41-555117— 1263018 FLTVARND ELLGPHNYEEALPLDLLLFALEFSLLFLLFSL 3= (] —Dh

“Peptide relative hydmophabicity (% hydrophobic mesidues) was calculated using the peptidelcom hydrphobicity caloulator. "Hydrophilicity
scores wene cakoubited via the BACHEM peptide calculator toal {hmﬁfmbﬂmmmfmmﬂ
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giving compound 3, and the ester functionality was cleaved
upon treatment with HCI (ag) to give acid 4. Fmoc-PEG 23
propionic acid 4 (yellowish oil) was recovered by extraction
with dichloromethane {DCM) in a yield of 34% (30 g} with a
purity of 8% based on LC—MS analysis. The 'H and "C
NMR analyses further confirmed the parity of the compound.
The total ion chromatogram (retention time: 7.5 min) and
mass s of the final product (ESEMS: [M + H] * =
1368.7) are shown in Figure 2. The 'H and "*C NME spectra
are shown in Figures 51 and 51

1.E+DE - |4 24p
Baz
£ g
I

Emu; S 13t T
g - 'l
B
o
3

REHDD e S T

] 2 A [ & 10

Felunlinn tee (rmink

Figure 1. HPLC chromatogram and M5 spectrum (inset) of Fmoc-
PEG 23 propianic acid 4. Retention time at 73 min in a f to T3% B
i E(;:l].jiTEnhHledn:CH,ENJ for 10 min. ES1-M5:

[M + H]' = 13687, [M + 2H]™ - 6851, [M + 3H™ - 457.1.

Ensuring a high PEG oligomer purity is of utmost
importance, 2s even a one-unit deviation in PEG length
(either n — 1 or m + 1) can persist thronghout the subsequent
Pepbd-e:rntbm'ﬂ:ﬂ.:mmth:nllgumlmﬂh

significantly increases the potential imparities during peptide
purification. peptides with PEG impurities presents a
greater Iﬂﬂ.“Eﬂ.E! since 2 PEG onit weighs 44 Da, whereas the
smallest amino acid residue, ghycine, weighs 57 Da

The saccessful synthesis of m Fmoc-PEG 23
propionic acid 4 was reported by Wang et al,"' where they
used a macrocyclic sulfate-based approach starting from PEG 4
diol on a § g scale. However, an assessment of the pusity of the
resulting product was not discussed. Herein, we have
synthesized 2 monodisperse Fmoc-PEG 23 and evaluated the
oligomer parity of the amino-PEG acid osing LC—-MS in
selected ion mode (SIM) locking form — 2, m— Land n + 1
impurities. A linear range in which the injection volume is
proportional to the concentrations (area nnder the ourve) of
the different PEG oligomers was identified {Figare 3). Our
results showed an awerage parity of 99.5% across varying
injection volumes (Table 2).

Synthesis of PEGylated ond Palmitoylated Peptides. The
peptides were synthesized manually or automatically wsing a
Liberty Bloe avtomated microwave peptide symthesizer
following a standard Fmooc/t-Bo-based :|u|.u|-p|1=s Flrnﬂ:icm
protocel (SPPE)Y The bulk of these sequences was
synthesized by mi isted antomated synthesis, as it
provides quick, relizble, and reprodedble production of crade
peptides. Furthermore, our previcus experiences with mameal
synthesis of these types of peptides have pointed to the need
for automated synthesis for MSLN 3 and MSLN 4 as thesz are
the most ' challenging of the four peptides. The
mpﬁmhﬂrhmmluplimﬂ P14 are not quite as
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Figure 3. Analysis of amino-FEG 13 propionic acd oligomer purity.
Linearity of different injaction volumes (0.1, 03, 0.6, 140, 10, 60, and
1000 wL) and PEG cligomer comcentrations. (area under the curve of

Table 2. Percent Purity of the PEG Oligomen®

alipemer perceat %
injaction volume (L) -1 =1 [] m+l
oL 0.0 03s MES oo
o3 013 o ST [=E ]
o6 oz 026 Rl =t L]
1 oo 35 5S Qo0
k] o o0 AL ale
& 1N [x] [l ] A oy
12 (18 [] OB s alr

“The salected ion monitoring (SIM) method in HPLC—MS was med
to guantitate the :Ii;g:unerpm:it'_rul'd.ﬁ'u:t injection volumes for 0.4
M concentraticn of amino-PEG acixd

challenging and could be produced by manual synthesis. Fmoc
Rink Amide AM resin was wsed as solid support, and the first
amino acid was DI:ILI?JEd to obtain a 0.5 mmol/g loading. The
remaining free sites were capped by acetylation, followed by
deprotection using 208 piperidine/dimethylformamide
(DMF). Further residues were incorporated using standard

rotected Fmoc amino acids, N N'-diisopropycarbodiimide
fD‘IC:I' and OxymaPure in DMF as coupling reagents.

PEGyation and palmitoylation were prepared manually wsing
mmndupﬂle Fmoc-PEG 23 propionic acid 4 and ]:nJ.mlh

acid (Scheme 52). Subsequent cleavage was performed by
treatment with TEASTIS/H,O (95.."1.5.."1_5}. The deavage
mixture was precipitated with cold diethyl ether and
centrifuged, and the resulting pellet was redissalved in H,0/
ACH (1:1) for byophilization, followed by characterization by
HPLC and LC—MS.
summarized in Table 3. The quantity (milligrams) of crude
peptides neardy doubled upon PEGylation, as expected. The
incorporation of the high melecular weight PEG moiety (1367
Da) mnaturally increases the amonnt of crude il while
maintaining the integrity of the peptide sequence. This affers
a distinct advantage as it provides a larger amount of material
available for subsequent purification and ose in bioassays.
Crude Peptides. Crude amounts (mmol) of PEGylated
products P2, P8, and P11 for MSLN 1, 3, and 4 epitopes are
I:.Lghuﬂnnlhl:mmmﬁﬁeﬂp:phﬂu['l P7, and P10 and
5 higher than their palmitoylated versions (P3, P9,
and P12}, respectively. This trend is not seen for MSLN 2,
where the highest recovery s observed for the unmodibed

hitpdol o0 0 e ormege ST
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Table 3. Summary of Yield, Purity, and Solubility of Synthesized Peptides

epitope bin] M-termomal MW (Da)] mmal chizined” % purty
MEIN 1 Pl NH—- 15999 ooan Bt
P2 PEGH-NH- 17283 a4 81
F3 Falm—NH- 12384 o4 a3
MELN I P4 NH—- 11265 onas &z
F5 PEGH-NH- 11543 0o a6
Falm—NH- 13645 o7 7
MELN 3 FB7 NH—- sL3 oo 56
P8 PEGH-NH- 21797 o7 55
2 Falm—NH- 12895 0o3b 75
MELN & PI0 NH- 42564 nonss 71
Fll  PEGH-NH- 53847 oo 81
Pl  Faim-NH- 44945 i e] 57

“The

% yield” momol purified % pemity % recovery”  solubility {1 mg/mL)
&7 0025 e w wator
2] [Tl >0 24 Waler
1 n00s a5 n ACH e {1:1]
T 148 " &1 ACN jwater {1:1)
&3 L6 ] b Waler
55 malz = 3 D50
13 1004 25 m ACN jwater {1:1)
40 oLs 25 3 Waler
i a3 L] 47 IS0
m noLL 7 " ACH frater {1:1)°
6 nazn ! £ ACH frater {1:1)
m DS o7 53 ACN jwater {1:1)

were synthesized in a 01 mmol scale. Y% Yield = {mﬂemmxmmjf{hmmmﬂj “% Recovery = (purified mmsal

x purity I{ntdtmmdxuldel:l.u:nﬂxlm dﬂmtbep.mlﬁedtnm than 90% due to a des Lea impurity. Gelates in water, scetanitrile at

high concentrations.

peptide P4 while the palmitoylated Po and PEGylated P35
modified peptides display similar levels of recovery. Since the
antomated peptide synthesis process for the same base
is the same to the fnal modification of the M-
terminus, the variation in yield of the peptide must be related
to the efficiency of the cleavage from the solid support and the
following . This can be attriboted to better precip-
itation in the cold diethyl ether. Palmitoylated peptides do not
a requirement not common for most cleaved synthetic
peptides. The palmitoy]l maisty increased the hydrophobicity
of the sequence and made it more diffcult for these peptides
adequately precipitate in diethyl ether when TFA & present.
Mereover, it s worth noting that the sequences exhibit a
tendency toward greater hydrophobicity, as indicated by their
negative hydrophilicity scores. Specically, the base sequences
of MSLN 2, MSLN 3, and MSLN 4 ame
composed of hydrophobic aming acid residues (Table 1). This
makes precipitation challenging even in the absence of fatty
acids, as we observed in sifu. This is a hallmark of hydrophokic
peptides, whereas most peptides carry enough polar and
charged residues to not be sobvated by diethyl ether and thus
precipitate. Unlike these two cases, the peptides
that we studied precipitated easily and without the need o
fully remove TEA firse.

When calculating yields, which consider the purity of the
crude predoct, the following trends appear: frst, all
palmitoylated peptides P3, Ps, P2, and P12 have very low
yields compared with their co . Second, yields for
PEGylated peptides are sither higher (P8 and P11) or similar
(P2) compared to the unmodified peptides. The exception i,
again, MSLN 2, which is the only case where the anmodifed

ide "4 shows a better yield than the PEGylated peptide
P'5. The low mmol values obtained inherently affect the yield,
this is especially noticeable for the palmitaylated peptides.
Individually, for example, MSLN 1 variants all have similar
purities, and so the low absclute amount of mmel of crude
obtained peptide P3 makes it the product with the lowsst
yield. With a trend very dear for palmitoyl peptides, we
compared the situation between the unmodified peptide and
the PEGylated ]:-:PE:]: The driving force imvalved between all
these pairs of s similar. MSLN 2 seems o be a
particular case. It can be proposed that the single positive
durgepnrndedbrTFﬁmﬂmNmmm:]&:emnenmmﬂ
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more effective in the smaller unmodified peptide P4 than in
the larger PEGylated peptide P'5 and thus precipitates better in
diethyl ether, which explains the excellent absolute recovery.
This in turn drives the high yield of the unmodified peptide
compared to that of the PEGylated peptide PS and certainly
mﬂ:mpccth:ﬂutnfﬂrePl]mm:ﬂilzﬂpq:bdepﬁ
Two other versions of MELN 2 were synthesized in which
we attached both PEC and palmitoyl to the base sequence.
These versions are P13 (Palm-PEG11-MSLN 2) with a shorter
PEG 11 moiety and P14 (Palm-PEG23-MSLN 2) with a
longer PEG 23, Here, oor findings revealed that both the
length of the PEG chain and the hydmophobicity of the
underlying amino acid sequence afect the precipitation of the
peptides. Contrary to P14, which had a longer PEG chain and
rapidly precipitated, P13 with the shorter PEG chain did not
underge precipitation in 2 single step. This suggests that
throughout the precipitation and subsequent washing stages
after cleavage a certain amount of peptide is inacvertently lost
due to incomplete precipitation. PEGylation wsing a longer
PEG chain mitigates this problem, leading to higher yields.
Purified Products. The final mmal cbtained of purified
products (25 shown in Table 3, column 8) was higher for the
PEGylated peptides PB and P11 in comparison to their
unmadified counterparts P7 and P10, respectively, although it
shoald be noted that MELN 2 escapes this trend. The other
exception is MELN 1, in which the uvnmodified peptide P1 was
obtained in a larger amount than that of the PEGyated peptide
P2 The absclute recovery in mmol of pure PEGylated
increased in all cases when compared to their
palmitoylated versions and even the least hydrophobic
sequence, namely MSLMN 1, saw a substantial mcrease in
recovered material. For MSLN 3, however, this recovery is not
significantly greater. Palmitoylated MELN4 peptide P12 shows
better rates of recovery compared to their counterparts P10
and P11. This is due to the distribation of impurities (e the
Supporting Information) further away from the main peptide
peak. While the overall purity is lower than that for P10 and
P11, this distribution facilitates the purification. This is not the
case for P10 and P11, in which we ohserve most of the
impurities averlapping the main peak. This leads to sacrificing
mare of the desired product as perfect resolution of impurities
close to the product peak is not possible. Obtaining a larger
quantity of pure product from a single synthetic and
purification process is the most important advantage that
bitptdolorg 0 111 faomege 4TH04
ACS Cirege J034, T, 34434554
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PEGylation can bring to peptide production, in addition to the
well-established benefits it offers for enhancing bicavailability.
In terms of percent recovery, which considers the recovery
nfapﬁﬂmﬁfhmmephbhpmitrufgﬁﬁmgﬂmﬁm
the initially available peptide from the crode mass (refer to
Takle 3, column 10), the most noticeable effect can be szen
mrhm 2, in which recovery improves substantially for
PEEﬂ:tEdpq:hdeFj,puhcuhﬂrwhm compared to that of
the palmitoylated ence P6. While the initial specific yield
was highest for PﬁkFuim}r due to a +96 Da impurity, likely
triflnoroacetylation, appearing sometimes but mostly in
that do not camry a palmitoyl maiety and thus
capped N-terminal amine), recovery of this ide wwas
extremely low, vnlike the case for P5. Recowvery of
palmitoplated peptides is, howeves, higher for MSLN 3 and
4. In the case of MSLN 3, this is mainly due to the higher
purity of the P9 crude, while for MSLN 4, the impurities of
P12 are spread widely across the gradient and are thos more
For MSLN 3, the trend seen for M5LN 2 i also true with
respect to the base sequence in peptide P7, if not for the
palmitoplated vemion P9, as recovery in the relative percentage
is hetter. Mevertheless, both PE and P9 have better absolute
recoveries than base sequence P7 (0004 mmol P7, 0014
mmal PE, and Ml}mﬂ”}.']'hehmrplttmis:m alsa
in MSLN 4, and it is more noticeable compared to the base
sequence in peptide P10, In fact, in this case, 2 des-Len
impmﬂr{mmgutb:n},mtinﬂthgmml-
sequence, could not even be resolved, and we were unable to
obtain a purified peptide P10 (at best, we improved the parity
from 71 to 73%; see the Supporting Information). This is likely
due to three issues: first, PEGylated peptides generate sharper
chromatographic peaks, whereas both the palmiteylated and
peaks (ses the Supporting Information for chromatograms).
This affects resolution, especially in semipreparative scales,
which means that collecting less of the peak i necessary to
maintain adequate purities, which causes the loss of more
produact in exchange for greater purity. For MSLN 4, the
increased retention in the column of the unmodified sequence
P10 giving these “drgging” peaks is bess afected by PEG23,
yet PEGylation proves adequate for obtaining pare prodoct
PiL

The second variable is the hydrophobicity. The PEG malety
huaput:tdfe:tmﬂ::m]ublﬁrrufmmlpcpudcl’d
than for the more sequence MSLN 1 Pl in which
rh:-e&‘:ﬂuﬂmrmndfmhuammﬂrhghu
retention time in a C18 stationary phase). Hydophobic
sequences are more retained in the column due to stronger
interactions with the hydrocarbon chain of the stationary
phase, whereas the hydrophilic PEG moiety favors salvation in
the mobile phase. This is also seen in MSLN 3 comparing
unmadified peptide PT and PEGylated version PB.

The third variable is the size. The shorter MSLN 2 peptide
F-Iil:mnu'lrlﬂ'l:ct:db'rpﬁﬂrhﬁn'n umnﬁ:rpcplidcps-rlnd
the effect on its recovery is greatly increased compared to a
longer sequence like MSLN 4 (P10 and P12), in which the
effect is lessened.

lnafzwu:sur]rnweru we chserved a better recovery rate
in peptides. Although due to the way this
parameter was calculated, this was mainly an effect of the crede
simply being purer to begin with or containing impurities that
were sasier to resolve chromatographically. This is something
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to be noted, as besides the uwsual synthetic issoes, especially
with deletions in longer sequences, the potential modification
by secondary resctions in downstream processing, namely,
during cleavage, is yet another source of problems. Mass
spectrometry analyses of the studied sequences showed an
unwanted +3¢ Da modification due to trifluoroscetylation of
(Ekely) serine and threonine residues which was more
prevalent when the N-terminal amine was not capped. It
must zlso be mhﬂ.lﬁa.l:Pilm.i.ln’rhEun is not a random
maodification that we chose to test. It was induded in the
sequence to imprave its immuonogenic potential As such, we
must focus mainky on what hl;PP'!ﬂ' betwesn PEG','h‘Iiun and
palmitorylation and the pessibility of combining the two. The
potential arises from the fact that PEGylation offers a saitable
medification strategy for enhancing the solubility of a
bydrophabic peptide as well as other benefits upon application
in biological systems such as increasing its half-life. PEGylation
can be implemented prior to introducing a i moisty
with the aim of enhancing solubility. In tum, this should lead
to improvements in precipitation in diethyl ether, chromato-
graphic resclution, and the reduction of interactions with the
staticnary phase of semipreparative chromatographic columns.
These collective enhancements would contribute to obtaining
a greater yield of a pure product It is anticipated that

introducing a PEG 23 moisty prior to palmitoylation would
combine the initial high purity cbserved in some ted

palmitoyl
products with the improved crode yields seen in the PEGylated
variants as well as their generally higher absolute recoveries.
This approach would effectively connteract the significant
bydrophobic natare of palmitoylated products and address the
tendency toward cleavage-specific secondary reactions similar
to the likehy D-u-i.ﬂnnm:c:trhtinn af serinethreonine that we
observed in peptides with an unmodified N-terminal amine ™

Solubility. Visual assessment of the solubility at 1 mg/mL
in some common solvents for peptides was cartied out
PEGylation increased the solbility of the hydrophobic base
sequences in water and facilitated biological testing.
Palmitoylation, however, decreased the solubility in water, as
expected for a fatty acid chain attachment.

PEGyhtion increased the solubility of base sequences P4
and P7 from ACM/water (1:1) to 100% water (Table 3)
Palmitoylation made PEPE:]H Pé and P9 insoloble in ACN/
water (1:1} and soluble only in DMS0. No significant changes
in salubility were chserved for PEGylation of P1 to P2, whil= a
decrease of solubility in water is observed with palmitoylation,
Pi

To test the incease in the solobility of palmitoylated
peptides, we performed a p i study in which we
synithesized one batch of the base sequence of MELN 2 and
split it to make three modifications {Figure 4): (A)
palmi ion PA and ion with either, (B} PEG 11
P13, or (C) PEG 23 P14, followed by i don. We
observed decreasing retention times | Figure 4A—C): 9.2 min
for P (falling outside of the gradient range), 6.4 min for P13,
and 5.4 min for P14. We also obhserved muoch :hau'_pcrpmks for
the two PEGylated peptides P13 and P14. These results point
in the direction we proposed, although it should be noted that
to confirm this, careful individual analysis of yields and
recoveries must also be pedormed.

The significance of these PEGylated spitopes being more
soluble in agueons medivm than the coriginally designed
epitopes while still retaining the properties for downstream
applications cannot be overstated. PEGylation proves to be an

bt el ey 10 W07 fes g A0
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effective modification technique for enhancing solubility and
broadening the range of atility of bicactive substances like
peptides.

Effect of PEGylation of Peptides in Cell Stimulation.

Te werify whether the PEGylation of the peptides would
inflnence the proliferation and activation of immone cells, we

tested :||:||.|-_nu-|:|'t:s from 15 C57BLS male mice mmmumized
with PLGA nanoparticles containing the well-known adjuvants,
poly I:C and RE48.%* The cells were restimulated in witro
with positive contrel (Concanavalin A) or the onmodified
peptides P1, P4, and P7, PEGylated peptides P2, P'S, P8, and
P11, and palmitorylated long peptide P2 soluble in ACNY
water {1:1) at 10 pg/ml for 48 h

After the stimulation, a viability assay was performed, and we
found no difference in the proliferation of the cells when
stimulated with the PEGylated peptides, in comparison with
the unmodified version (Figure 5A). For P12, the cells were
more proliferative. This suggests that palmitoylation of MSLN
4 is not toxic and induces cell growth.

The activation of the stimolated cells was assessed unsing
ELISA by measuring interferon-gamma (IFN-r) levels. IFN—?"
is a marker for the activation of cytotomic T CDE' cells
mediated by Thl cells and is related to antiproliferative, pro-
apoptotic, and antitamoral activity as well as tumor immune
surveillance. As such, its secretion is expected to increase in
antiviral and antitumoral immuone responses. This cytokine is
positively associated with cancer survival. It is thus a useful
marker to study whether the peptides are activating
antitumoral T CDE* cells. ™

We did not find a significant difference in the levels of IFN-¥
secreted in the supematant of the cells when stimulated with
PEGylated peptides compared to cells stimulated with
unmodified i for MSLN 2 P§ (Figure 5B)
This difference can be attributed to the possibility that the long
PEG chain might have hindered the interaction of the active
site af the shore MSLN L

The increased levels of IFN-y for both the palmitoylated
P12 and PEGylated long peptide P11 (modified MSLN +4)
demonstrate that indeed, multiple-epitope long peptide
sequences can elicit a stronger immane response than single-
epitope short peptide sequences. The unmodified keng peptide
P10 was not tested since the peptide could not be purified to
mare than 5% pasity.

In this case, PEGylation proves to be an effective technigue
for enhancing the solubility and broadening the range of utility
of diverse long hydrophobic peptides. This result alse further
enhances our proposed strategy of combining both mod-
ifications in the MSLN 4 sequence.
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B CONCLUSIONS

In this study, we synthesized peptide sequences from
mesothelin, a tumor antigen overexpressed in PDAC and
conjugated them with monodisperse PEG. N-terminal
PEGylation of peptides of varying lengths (<40 aa residues)
and hydrophobicity (up to 30% of hydrophobic residue
content) proved to be an excellent method to increase yield
and recovery during synthesis and purification. PEGyltion
also improved solobility, making it possible for 2 long
multiepitope hydrophobic peptide to be purified in one step
and biologically tested. Cell wiability and immunogenicity of
peptides were not significantly affected by PEGylation.
Peptides exceeding 40 amino acids with a hydrophobic residue
content of more than 80% are promising candidates for
PEGylation with extended PEG units sach as PEG-45 or
longer. In contrast, oor results also underscore the influence of
palmitoylation on peptide synthesis and purification. This is
abso in Ene with the trend of producing longer synthetic
peptides as bicactive compoands. The addition of a palmitoyl
group, aimed at increasing immunogenicity, bed to lower yield
and soclubility, thereby complicating subsequent biclogical
evalmation. The efects of pabmitoylation on synthesis and
purification are sequence dependent. However, we ohserved a
g;mu'l] trend toward more dificalt processing of the peptide.
This is very clear in the cases of MSLN 2 and MELN 3, where
clution from a C1B stationary e column was not
guantitative (data mot shown) and even a CE statiomary
phase, required aggressive gradients of B0— 100% to 90— 100%
of organic mobile phase, a drastic change from their
unmodified or PEGylated variants (see the Supporting
Information). Parifying by semipreparative chromata ]
a similar trend can be observed for MSLN 4 although it is less
pronounced. In addition, the MELN 4 base sequence can not
be purified in one step (Tabl= 3),a problem that was sohved by
PEGylation. A combined strategy of palmitoylation and
PEGylation, especially for longer sequences with inherent
synthetic dificulties, such as MLEN 4, is therefore a sound
approach to attempt in fture assays, as it represents a
compromise betwesn improving the intended biclogical
activity while decreasing dificulties in synthesis and
purification and at the same time maintaining adequate
solubility for biclogical evaluation.

B EXPERIMENTAL PROCEDURES

General Experimental. Reagents ond Solvents. The
PEG products (amine-PEG 23 acid and Fmoc-
PEG 11 propionic acid) were provided by Polypure AS (Oslo,
Morway). Solvents, dichloromethane (DCM), furan
(THF), and acetonitrile {(ACN) used for the synthesis of the
PEG were obtained from Chiron AS (Trond-
heim, Norway). Potassinm tert-butoxide (KO#Bu), fert-butyl
acrylate (+Ba au',h'be}, mesyl chloride (MsCI), i ine
{TEA), ammonia (NH,), trifluoroacetic acid {TFA), and N-
(9H-flucren-9-plmethaxycarbonyloxy)  succinimide {Fmoc-
OMNSu) were purchased from Merck EGafA (Darmstadt,
(Germany).

The 20 standard Fmoc amino acids, Fmoc Bink Amide AM
resin (loading 0.71 mmal/g, 100—200 mesh), and 2-cyano-
Biotech GmbH (Marktredwitr, Germany). P DCM,
N N-dimethyformamide (DMF), ACN, diethyl ether (E;0),

158

Reagents {Val-de-Beuil, France). Palmitic a.n:ld, mlsnl:rn_p'phl.
lane (TIS), acetic anhydride, and N,
(DIPEA) were purchased from Sigma-Aldrich Chemie Gm]:-H
(Steinheim, Germany). Benrotrizzol-1-ploxytripyrroliding-
phosphoninm hexaflocrophosphate (FyBOF) and TFA were
cbtained fom Fluorochem Litd. (HadBeld, UK). NN -
diisopropylcarbodiimide (DC) was porchased from KEMI-
LAB Organics Led. (Veszprém, Hungary). Formic acid was
purchased from Merck KGah (Darmstadt, Gu.'m:.n'ﬂl. Rink
Amide ProTide LL resin (0.18 mmol/g loading, 100—200
mesh] was obtained from CEM Corp (Charlotte, US).
Poly{vinyl alcohal} {WA,M 9000 10,000 B0% hydrakyzed),
Pulp.nn bycytidylic add sodium salt (Paby(I:C) ar pIC),
m?];ﬂ-!-ﬁ} and chitosan oligosaccharide lactate [ave.
M = 5000) were purchased from Sigma-Aldrich (Merck
KGaf, Darmstads, G-armur}. PLGA (M. 17000, PUE-
ASDEB PDLG 5002A) was obtained from Corbion PURAC
(Armsterdam, NL).

Characterization. Characterization of Monodisperse
Fmoc PEG-23 Propionic Acid. High-performance  liguid
chromatography—tandem mass spectrometry (HPLC-MS)
was carried out by wsing an Agilent 1269 Infnity II LC/
MED The HPLL system was ted using Solutions
A (MilliC} water, 0.1% TFA) and B (ACN) mnning through a
30 mm ¥ 11 mm analytical C18 column (Awantor). Single
quadrzpole M3 was operated with an electrospray ionization
source (ESI) wing the following settings: fonization mode
positive, drying gas temperature = 350 °C, capillary voltage =
3000 V, drying gas flow = 12.0 L/min, nebulizer gas pressure =
35 psig and acquisition range = 100— 1000 or 300 m/= 'H
and C NMR were recarded 2t 25 “C on a Broker
Ascend 600 MHz Avance NED = eter.

Characterization of Peptides. Crude products obtained
from the deavage step were characterized by HPLC to assess
purity, using Alliance chrom ic equipment {Waters
Corp., US) with a XBridge BEH C18 column {dimensions 4.6
mm % 100 mm, particle size 3.5 um). A gradient of 5—100% of
B in min was used 'lr]nn:.ﬂ.:m.ﬁq water with 0.045% TFA and
B: ACN with 0.036% TFA). For more hydrophobic peptides, a
Kinetex C8 column (dimensions 4.6 % 100 mm, particke size: §
pm) was used with 50—100% and 80—100% B gradients,
depending on the peptide. Data was acquired at 220 nm and
anabyzed 'w'i.'llllltEmpqu& Pro software fhhru.i.l.n:'l.3:‘!-']"1J
Waters Corp., US). Crude peptides were also characterized by
LCMS to confirm their identity. Low-resclution mass
l-'pbctmm:h'r analyses were cartied out in an AllanceHT

with a micromass Z{) mass spectrometer
fWIt:Cﬂj:, US). Data was acquired and analyzed with the

saftware (.1, Waters Us).

M?ﬁe?inmml Section. Eyrrﬂrﬁrscm? of Monodisperse
Fmoc-PEG 23 Propionic Acid 4 Aminc-PEG acd 1 was
converted to amino-FEG methyl ester 2 by a repeated cycle of
heating in methancl with HCI and evaporation under reduced
pressare. The following solutions were then prepared: (A)
amino-FEG methyl ester (29 g, 0.025 mol) in 150 mL of DNCM
and (B} N-{9-Buore ) succinimide or
Frmoc0%u (8.43 g, 0.025 mal) in 50 ml. of DCM. Solutions A
and B were mizxed and allowed to react for 1 hoat rt. This was
followed by 1.0 mL additions of triethylamine [ TEA) until the
reaction was complete (a total of 5 mL of TEA was added).
The reaction solution was washed with 0.1 M KHSO, (60 mL)
and then with water (60 mL}. Both phases were
extracted with DCM {60 mL % 2). The combined organic
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fractions were evaporated onder reduced sure. The Purification of Peptides. Crude products were dissolved in
resulting crode product 3 was redissobved in HCL (L5 M) either water/acetonitrile (1:1) or DMS0 and parifed in a

and stimed for 48 h. The solution was then filtered and
extracted with DCM (4 % 80 mL}. The crganic extracts were
combined, and the sobvent was evaporated (yellow oil), treated
with a small aliguot of diethyl ether, and dried giving
:nm.punnd-l-{aﬂgﬁi-ﬁ, }ﬂﬂpnnrr}uawhnpuwdu
'H NME {00 MHz, CDCL,) 5 7.76 (d, = 7.5 Hz, 1H), 761
(d, ] =75 Hz, 1H), 740 (t, = 7.5 Hz, 1H), 7.31 (td, = 7.5,
1.1 Hz, 1H), 440 (d, ] = 7.0 Hz, 1H), 422 (t, ] = 7.0 Hz, 0H),
3.70—3.59 (m, 49H), 2.60 {t, J = 4.1 Hz, 1H); ™C NMR (151
MHz, CDCL) & 1725, 1566, 1440, 1413, 127.7, 127.1, 125.1,
1200, 647, 4:-'_3, 410, 35.0.

kwblm Ofigomer Purity of Amino-PEG 23 Acid 1. The
selected jon monitoring (SIM) method i an Agilent 1269
Infinity IT LC/MSD Systern was osed to lock for the n— 2, n —
I, and m + 1 impurities. Different injection volumes (0.1, 0.3,
0.6, L0, 30, 6.0, and 10.0 pl.) of a 0.4 pM concentration of
amino-PEG acid were used for the analysis. PEG aligomer
concentrations {area onder the corve of the chromatogram)
were plotted against the injection volumes, and a linesr range
was determined.

Synthesis of Peptides. Peptides were synthesized following
E :tm::hu'ﬂ Froc//tBu-based mhd—_pl:l.ul: I'"III.H:I.EI:IS P‘Dtl:ll:ﬂ]
SPPS).

Manual Synthesis. Fmoc Rink Amide AM resin (0.71
mmal/g loading, 100—200 mesh) was used as a solid sapport
for the peptides. Initially, the resin was swelled wsing DMF (3
¥ 1 min), DCM (3 ® 1 min), and DMF (3 ® 1 min).
Deprotection of the Fmoc group was achieved by treatment of
the resin with 20% piperidine/DMF (2 % 5 min) followed by
washing with DMF. The first amino acid was coupled to reach
a 0.5 mmol/g resin boading (1.5/1.5/1.5 equiv amino acid/
DIC/exyma) for 4 h, then remaining free sites were capped via
acetylation treating the resin with acetic anhydride (10 equiv)
and DIPEA {10 :pcp.i'r}inDEM'E:r 15 min. Further residues
were incorporated using standard protected Froc-amine acids
(3 equiv), DIC (3 equiv), and OxymaPure (3 equiv) in DMF,
as coupling reagents, for &0 min at rt. To monitor couplings,
the Kaiser test was pedformed. When detecting incomplete
reactions, a new coupling was carried out using PyBOP and
DIPEA (1.5 and 3 equiv) for 30 min at rt. This was repeated
until the Anal was achieved. Fmoc from the last
coupled amine acid was removed as expliined above.

Automnated Synthesis. Microwave-assisted synthesis was
carried out in a Liberty Bloe automated peptide synthesizer
(CEM Carp., US). Fmoc-removal was carried out with 209 v/
vpiPcrilﬁnrinDMFuw‘:fnrlmh.qurﬁnpm
performed mizing 0.125 M of Fmoc aminoe acids, 0.125 M of
OxymaPure, and 0,125 M of DIC at 90 °C for 2 min. Rink
Amide ProTide LL resin {0.18 mmol/g loading, 100—200
mgﬂ:.jmmﬂumlﬂlnppmth{mualpﬁﬂrhﬁmm
followed using Fmoc-PEG 23 propionic acd and the same
coupling agents listed above. For P13, Fmee PEG-11
propionic acid was uwsed. Some peptides were synthesized
carrying N-terminal palmitoylation, added as a2 normal
coupling. Cleavage was performed after the peptidy
resin by treating with TFA/TIS/H,O (95/2.5/25) for 1 b at
rt. The cleavage mixture was then precipitated with cold
diethyl ether, centrifoged, and the pellet redissalved in H,0/
ACH (1: I}ﬁal}uphlmmfmwhd:nmd:.mud
by HPLC and LC—MS.
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semipreparative HFLC Waters PrepLC System {Waters Corp,,
US) injecting 30—350 mg into either a XBridge Prep C18 OB
colomn {dimensions 19 % 100 mm, particle size 5 gm) or a
Kinetex C8 AXI column (dimensions 21.2 % 100 mm, particle
size: 5 pm). The mnnitm‘i.ngnd"peplidﬂmdnneullﬂnm,
and elutions were carried in gradients of water with

0.1% TFA and acetonitrile with 0.1% TEA, d:pmcﬁn;tm the
best resolotion for each specific sequence. Data was
and milrmudmlﬁ.th:ﬁmpum,]m I.)h|11'|.|.1.|.|:'|.;’:r'l-']"lJ
Waters Carp., US). Fractions containing the desired product
were collected immediately after detection. After the
collection and analysis of fractions by analytical HPLC and
ESI-MS to confrm parity of 95% or above, the solvent was
evaporated by rotavapor and reduced to 20 ml, which was
then hyophilized.

Nanoparticle Synthesis. PLGA NPs with encapsulated
adjurants were prepared by wsing an oil-in-water emalsion and
sofvent evapomation—estraction method. Briefly, 50 mg of
PLGA was dissolved in 3 mL of M along with § ul. of pIC
and 2 mg of RLE48. The sclution above was added ise ko
20 mL of agueons 2% (wyv) FVA and emulsified for 60 s with
5 5 mest each cycle using a sonicator (Sonifier 250, Branson,
Danbury, USA). Following owernight evaparation of the
sofvents at 4 “C, the NPs were collected by centrifugation
(14,800 rpm for 30 min) at 4 °C and redissobved in water.
After, the nanoparticle solution was added dropwise to 20 ml
of 1% homogenized chitosan oligosaccharide lactate solution
mﬂllnT:d:l-l-"Cﬁ:rlh.Themamﬂ.NP:mﬁnlﬂr
collected by i

Animals Immunization. A total of 15 C57BLA male
mice {12 weeks old} were used in the experiment. Mice were
obtained and kept at the animal facility of Max-Planck-Institute
for Multidisciplinary Sciences under a 12 h dark: Eght cycle
with ad libitum access to food and water. All animal
experimental procedures were ormed in caompliance with
the Furopean (2010/63/EU) and German regulations on
Animal Welfare and were a by the administration of
Lower Saony (LAVES) (Nr. 33.15-42502-04-20/3527). Mice
were immunized subcutanecusly in the right flank once per
week, for 3 weeks with nanoparticle containing the adjuwants
polyinosinicpolycytidylic acid (polylC) and F848. The NPs
were diluted in water and injected in a volume of 100 gL, in a
concentration of 2.5 ug of polylC, and 3.75 ug of RE48. The
mice were sacrificed 2 days after the last vaccination, and the

Single-cell suspensions from
the splesn were prepared in sterile conditions by mincing the
cells through 40 and 100 gl of cell strminers (BD Falcon).
Erythrocytes in spleen samples were lysed with 1 ml. of ACK
butfer {150 mM NH,CL, 10 mM KHCO,, 0,1 mM EDTA, pH
= T2—7.4) per spleen for 5 min. The reaction was stopped
with PBS and spun down. Cells wers in RPMI
1640 medium supplemented with 10% Fetal Bovine Serum,
100 pg/ml. penicillin, and 100 pg/ml. streptomycin. Cells
were seeded in%—"ﬂ':'.lplllﬂ -irhaqu-ulm{m cells
per well in duplicates or triplicates. enocytes were
stimulated with concanawalin A {2 al/ml, 00-4978-03
ThermoFisher) or different peptides in a concentration of 10
pg/ml. The supernatant was collected after 48 h of
stimalation and kept frozen at —20 °C until cytokine anakysis.
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After 48 h of stimulation, the cells were analyzed for their
ELISA. Cells were centrifoged, and supemnatants were
collected and kept at —20 °C for further cytokine
guantification. IFN-y was quantified by ELISA ( Thermoscien-
tific, FE8-7314-88). Briefly, the 96-well plates were incobated
overnight at 4 "C with the capture antibody. After being
washed and blocked, the plte was incobated at room
temperature with samples for 2 h and then with detection
antibady for 1 h. After that, the plate was incubated with the
avidin homeradish peroxidase [HRP) conjugate for 30 min.
The color reaction was by adding TME sclubon,
and the ic reaction was sto by adding 2 N H, 50,

Dpﬁ::ldmh, (O0) was dm-mhedh:be#&ﬂm
compound [}

assay, Clelm'Nﬁ.Eb;wu:ﬂneSanmn‘.ﬂgent
was wsed. The reagent contains a tetrazoliom
(4,5-dimethylthiazal-2-yl}- ﬁ{hlrhnlrm:ﬂ:nrwhmr{) 2-{4
sulfophenyl}-1H-tetrazolium, inner salt; MTS] and phenazine
:Ibmﬁn;?ﬂﬁfmrﬂhnfrﬁmnhﬁnnwiﬂ:ﬂz ides,
20 pl. of the reagent was added to each well, and the plate was
incubated for 4 h. The absorbance at a wavelength of 450 nm
was measured by 2 microplate reader.

Statistical .Hm:i.b'_ws Besults are :lpt\clleﬂ as mean + SEM
(standard error of the mean). Data were anabyzed, and
statistical were performed using the GraphPad Prism
v3.2.0 saftware. Each experiment was Pﬂfurm:ﬂ three times
with triplicates per assay. Diata are presented as mean + SEML
Ohee-way analysis of variance (ANOWVA) with Tukey's test for
muJI:'lple comparisons was Pnu:[nu::.eﬂ. A P—'n]ue of <0.0% was
considered statistically significant.
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