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Chapter 1.

General Introduction



1.1 Immunotherapy as a cancer treatment strategy

Cancer immunotherapy has emerged as a revolutionary approach in cancer treatment,
shifting the focus from traditional methods such as surgery, chemotherapy, and radiotherapy
(Shi et al. 2018). It has become a pivotal component in cancer care, spanning from metastatic
stages to adjuvant and neoadjuvant settings across various cancer types(Esfahani et al. 2020).
However, the broad implementation of immunotherapies faces challenges, as these therapeutics
can lead to serious adverse effects, including autoimmunity and nonspecific inflammation
(Riley et al. 2019). Despite these challenges, cancer immunotherapy has shown remarkable
success in the treatment of different cancer types, particularly through checkpoint inhibitor-
based immunotherapies targeting cytotoxic T lymphocyte antigen 4 (CTLA4) or the
programmed cell death 1 (PD1) pathway (Havel, Chowell, and Chan 2019), or the use of
adoptive T cell therapy with chimeric antigen receptors (CARs) targeting cancer antigens like
CD19, that revolutionized the treatment of advanced acute lymphoblastic leukemia and diffuse

large B-cell lymphoma (Kamel 2021).

CAR-T cell therapy has shown significant progress in hematological malignancies by
harnessing the cytotoxic potential of T cells against cancer cells. The modification of T cells to
express cancer-specific CARs involves the transduction of T cells with genes encoding the
CAR construct. Upon binding to the cancer antigen, CAR T cells release a large number of
cytokines, such as interferon-y (IFN-y), and tumor necrosis factor-a (TNF-a) This cytokine
release is a crucial part of the immune response and contributes to the killing of cancer cells
(Yu et al. 2019; Fitzgerald et al. 2017). However, the efficacy of CAR-T cells against solid

tumors has been more limited (Sterner and Sterner 2021; Pan et al. 2022).

In addition to T cells, other immune cell types such as macrophages have been explored
in cancer immunotherapy. CAR macrophages share many features and hurdles with CAR T

cells, however, CAR macrophages possess unique advantages over CAR T cells on two other
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major hurdles in solid tumors: immune cell trafficking and infiltration into the tumor
microenvironment (TME), and the immunosuppressive nature of the TME (Pan et al. 2022). In
contrast to T cells, infiltration of macrophages at the TME is common due to many cytokines
secreted at the tumor sites. Hypoxia in solid tumors induces tumor cells and stroma to produce
cytokines, such as CCL2 (C—C motif chemokine ligand 2), CXCL12 (C-X-C Motif Chemokine
Ligand 12), CSF1 (Colony Stimulating Factor 1) and VEGF to recruit macrophages (Henze
and Mazzone 2016).The tumor microenvironment plays a crucial role in cancer progression
and response to therapy. Chemokines, in particular, are key players in the TME, regulating
immune cell recruitment and affecting cancer immunity and tumorigenesis (Nagarsheth, Wicha,
and Zou 2017). The expression and activity of chemokines within the TME have been
associated with cancer outcomes, making them potential targets for cancer immunotherapy

(Vilgelm and Richmond 2019).

Cancer immunotherapy has significantly advanced in recent years, offering a diverse
range of strategies and approaches that hold great promise for the treatment of various types of
cancer. The success of cancer immunotherapy lies in its ability to stimulate the body's innate
or adaptive immune system to combat tumors, making it an effective strategy for cancer
treatment. However, the clinical application of immunotherapy for cancer patients still faces
challenges associated with safety and efficacy, including autoimmune reactions, off-targeting,

tumor penetration, and cytokine release syndrome (Z. Zhao et al. 2019).



1.2 Chimeric antigen receptor (CAR) T cells

Chimeric antigen receptor (CAR) T-cell therapy has revolutionized cancer treatment,
particularly in hematologic malignancies, by harnessing the power of the immune system to
target and eliminate cancer cells. CAR T cells are genetically engineered to express synthetic
receptors that specifically recognize antigens present on cancer cells, thereby initiating a
targeted immune response. Among the various CAR T-cell therapies, anti-CD19 CAR T cells
have demonstrated remarkable efficacy in treating B-cell malignancies.(Kochenderfer et al.

2015; Rosenberg and Restifo 2015; Yip and Webster 2018).

The structure of the CAR protein is a critical determinant of its functionality and
therapeutic efficacy in CAR T-cell therapy. The CAR protein typically comprises distinct
domains that facilitate targeted recognition and activation of T cells against cancer cells
(Figure 1.1 right). The extracellular domain of the CAR protein commonly includes a single-
chain variable fragment (ScFV) derived from an antibody, enabling specific recognition of
tumor antigens (Johnson et al. 2015). This recognition domain is essential for directing the
CAR T cells towards the targeted cancer cells. Additionally, the intracellular domain of the
CAR protein incorporates CD3{ signaling motifs which contain immunoreceptor tyrosine-
based activation motifs (ITAM) to transmit the primary signal during TCR engagement, and
costimulatory domains like 4-1BB or CD28, which are crucial for T cell activation and
proliferation upon antigen binding (Weinkove et al. 2019). The CD28 domain is used by the
FDA-approved axicabtagene ciloleucel and brexucabtagene autoleucel, both targeting CD19.
The 4-1BB signaling domain is used by the approved CD19-targeting lisocabtagene maraleucel
and tisagenlecleucel, and by idecabtagene vicleucel which targets B cell maturation antigen
(BCMA) (Pan et al. 2022). The structural design of the CAR protein is meticulously engineered
to optimize its specificity, affinity, and signaling capacity, thereby enhancing the anti-tumor
activity of CAR T cells (Srivastava and Riddell 2015).
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Currently, all clinically approved CAR T cell therapies are based on ex-vivo engineering
of CAR T cells. However, the costs and complex personalized procedures for producing
targeted immune cells remain major obstacles for the widespread implementation of CAR T-
cell therapy as a standard-of-care in cancer treatment. Clinical-scale manufacturing of CAR T
lymphocytes is personalized and involves several protocols to isolate, genetically modify, and
selectively expand the redirected cells before infusing them back into the patient (Figure 1.1

left) (Levine et al. 2017).
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Figure 1.1 Current CAR T cell therapy. Current T cell therapy includes several steps of
collecting patient’s T cells, transfecting them with CAR genes ex vivo, expanding and re-

introducing CAR T cells into the patient’s bloodstream to kill cancer.

For this reason, there has been a surge of groups eagerly trying to develop in situ solutions

for CAR T cell generation. Many of these approaches center around the use of viral vectors for



gene delivery. Notably, companies such as EXUMA Biotech and Umoja Biopharma are
actively engaged in the development of viral gene delivery systems for CAR T cell expression,
exemplified by EXUMA Biotech’s in vivo CAR/TCR therapy platform (GCAR) and Umoja
Biopharma's VivoVec surface-engineered LV vector-based off-the-shelf viral-vector particles

for the generation of CAR-T cells in vivo (Umoja Biopharma, n.d.; Challener 2023).

However, the use of viral delivery in vivo has raised significant concerns regarding
inflammatory responses. Of particular concern is the potential for innate immune responses
against viral vectors, especially in the context of repeated administration using mRNA.
Additionally, a 10-year follow-up study in dogs revealed stable integration of vector genomes
into the host genome, reigniting concerns about the potential for oncogenic integration of
adeno-associated virus (AAV) (Bulcha et al. 2021). These findings underscore the need to
explore non-viral delivery methods for mRNA, given the potential risks associated with viral

vectors.

Despite the success of CAR T cell therapy, one of its major limitations is its restricted
penetration into solid tumors. The immunosuppressive tumor microenvironment significantly
impedes the function and persistence of CAR-T cells within the tumor site (Maalej et al. 2023).
Furthermore, the extracellular matrix forms physical obstacles that preclude sufficient
infiltration of CAR T cells into solid tumors, inhibiting their approach and recognition of tumor
cells (H. J. Li et al. 2021; Pan et al. 2022). Moreover, the immunosuppressive tumor
microenvironment and the lack of effective chemokines for inducing CAR-T tropism in the

tumor tissues contribute to poor CAR-T infiltration into solid tumors (Hu et al. 2022).



1.3 Chimeric antigen receptor macrophage (CAR-M) therapy

CAR macrophages (CAR-M) have been developed as a novel cell therapy approach for
the treatment of solid tumors. They have shown potent anti-tumor activity in pre-clinical solid
tumor models (Blumenthal et al. 2021). CAR-Ms have the potential to overcome key
challenges faced by cell therapies in the solid tumor setting, such as tumor infiltration,
immunosuppression, lymphocyte exclusion, and target antigen heterogeneity (Ohtani et al.
2020). Macrophages are the most prominent type of phagocyte in the immune system and form
several subpopulations with specialized roles. M1 macrophages are effector cells of pathogen
and tumor defense. Macrophages are capable of killing target cells via phagocytosis
(Velmurugan et al. 2016; Klichinsky et al. 2017; Morrissey et al. 2018) and MHC-II
presentation of antigens, as well as the secretion of cytokine and effector molecules (Chanmee

et al. 2014; Curren Smith 2015).

However, macrophages infiltrating tumors in large numbers are referred to as tumor-
associated macrophages (TAMs), which can make up 50% of tumor mass (Murdoch,
Giannoudis, and Lewis 2004). They lose their capability to migrate and to lyse tumor cells and
the presence of high numbers of TAMs is associated with poor clinical prognosis (Bingle,
Brown, and Lewis 2002). The high prevalence of macrophages in solid tumors makes them a
promising vehicle for CAR therapy, provided that the suppressive tumor microenvironment,
consisting of tumor-associated macrophages, myeloid-derived suppressor cells, and regulatory
T cells, can be overcome (Klichinsky et al. 2017; Murad et al. 2021). The CAR enhances the
secretion of cytokines of TAMs, polarizes TAMs to the inflammatory/anti-tumor M1 type, and
enhances the phagocytic function of TAMs and the activity of anti-tumor cells in vivo (Zhang
et al. 2020; M. Li et al. 2022). However, identifying robust non-viral methods of macrophage
engineering is essential to reduce cost, manufacturing complexity, and potential inflammatory

responses associated with viral vectors, (Pan et al. 2022) highlighting the need for innovative
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delivery systems for effective macrophage-based immunotherapy.

1.4 Chemokine based treatments

Adoptive T cell therapy (ACT) and chimeric antigen receptor (CAR) T cell therapy have
significantly advanced cancer treatment. However, their efficacy in addressing solid tumors is
limited due to challenges in penetrating the tumor microenvironment (TME), inefficient
trafficking, and poor local persistence in tumor tissue (Akbay et al. 2017). To improve the
immune cell infiltration and cancer prognosis of solid tumors, strategies to enhance immune
cell penetration into the TME are urgently needed. One emerging strategy involves modifying
immune cells to overexpress chemokine receptors on their surface, which can improve their
migration toward chemotactic gradients within the TME. (Kohli, Pillarisetty, and Kim 2022)

( Figure 1.2).

modified immune cells

Chimeric )
g Chemokine Eihzf:é)klne
Receptor 9

Figure 1.2 Chemokine modified immune cells can guide effector immune cells to the tumor

microenvironment by chemotaxis based on chemokine ligand concentration gradients.

Chemokines, a group of small proteins, play a crucial role in guiding the migration of
immune cells within the TME. They are classified into four main classes based on the location
of the first two cysteine (C) residues in their protein sequence: CC, CXC, C, and CX3C
chemokines. Most chemokine receptors are transmembrane-spanning heterotrimeric G-
protein-coupled receptors, and their binding to cognate chemokines induces G-protein coupling

and subsequent activation of downstream signaling proteins involved in cell migration, such as



Rac, Rho, and Cdc42. (Schulz et al. 2016) The infiltration of immune cells in the TME is a key
factor in cancer prognosis, and chemokines play an essential role in guiding the migration of
both activating and suppressive immune cell types. (Barnes and Amir 2017; Burugu, Asleh-

Aburaya, and Nielsen 2017; Ladanyi 2015)

Of particular interest is the chemokine receptor CXCR4, which has been shown to guide
immune cells to tumors. For instance, natural killer (NK) cells genetically engineered with a
CAR to overexpress CXCR4 along with the target antigen receptor demonstrated enhanced
mobilization towards CXCL12 (stromal cell-derived factor 1, SDF-1) (Miiller et al. 2015).
CXCL12 is a key chemokine present in the TME and has been implicated in attracting immune
cells expressing its receptor, CXCR4. Moreover, high expression of CXCL12 has been
associated with poor prognosis in cancer, as it directly activates various responses through the
CXCL12/CXCR4 pathways, such as cell migration, survival, and proliferation (Lang et al.
2019). Additionally, CXCL12 has been linked to promoting tumor vascularization by recruiting

endothelial cells to the TME (Kryczek et al. 2007)

Utilizing CXCL12 to guide immune cells, such as cytotoxic T cells or M1 type
macrophages, to the tumor and increase immune cell penetration into solid tumors represents
a promising strategy to address the current limitations of adoptive immune cell therapy. This
approach holds potential for improving the efficacy of ACT and CAR T cell therapy in treating
solid tumors. Further research and clinical studies are warranted to explore the full potential of

this strategy in cancer treatment.



1.5 Nucleic acid delivery in immunotherapy

mRNA-based CAR T cell therapy has emerged as an encouraging approach to improve
the safety profile of CAR T cell therapy and reduce the risk of side effects. Traditional CAR T
cell therapy has been associated with severe systemic toxic effects, including cytokine release
syndrome and neurotoxicity, particularly in patients with high disease burden (Brown et al.
2016). However, in vitro transcribed mRNA CAR T cells offer a safer alternative by transiently
reprogramming T cells with mRNA that encodes chimeric membrane antigen receptor protein
against tumor-specific antigens, thereby circumventing on-target off-tumor toxicity ((Rajan,
Bramanti, and Mazzon 2020). Furthermore, mRNA-based CAR T cells have shown potential
in reducing short-term disease burden as effectively as virally engineered CAR T cells,

indicating their efficacy in cancer treatment (Billingsley et al. 2021).

The transient expression of CARs in mRNA CAR T cells serves as a platform to evaluate
the safety of CAR T directed against tumor antigens in clinical trial settings, thereby avoiding
potential unrelenting on-target off-tumor effects of stably transduced CAR T cells (Tchou et al.
2017; Y.-H. Chen, Jiang, and Lee 2023). Moreover, mRNA-based CAR T cells may mitigate
potential off-target toxicity due to their transient expression (Foster et al. 2021). Additionally,
mRNA-based CAR expression may offer a means to modulate side effects such as cytokine
release syndrome associated with CAR T cell therapy, thus improving the safety profile of the

treatment (Billingsley et al. 2020; Fitzgerald et al. 2017).

The current state of non-viral in-situ mRNA-based technologies for generating chimeric
T cells is characterized by limited reports and ongoing research efforts to address existing
challenges. Rurik, J.G. et al. recently demonstrated a promising outcome in treating cardiac
injury in mice by delivering mRNA to T cells using lipid nanoparticle (LNP) technology (Rurik
et al. 2022). However, it is important to note that LNPs have been associated with drawbacks

such as toxicity (Ndeupen et al. 2021), inflammatory responses, and off-target effects (Di et al.
10



2022; Carrasco et al. 2021), which may limit their suitability for in-situ CAR T cell therapy

(Bessis, GarciaCozar, and Boissier 2004; Zhou et al. 2017).

Polymeric nanocarriers have the potential to minimize toxicity and allow for precise
manipulation of their chemical properties to facilitate targeted delivery (Yang, Mixich, et al.
2023; Cabral et al. 2018). Within this category, polyion complex (PIC) micelles, employing
block copolymers comprising a hydrophilic neutral segment and a polycationic block, present
adjustable physicochemical characteristics, surface modification capabilities, and

biocompatibility, thereby enhancing delivery efficiency (Jarak et al. 2021).
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1.6 Polyion complex (PIC) micelles

Polymeric micelles are a promising platform for the delivery of nucleic acid cargo, such
as mRNA, due to their ability to provide charge shielding, improved colloidal stability, and
efficient self-assembly. These micelles consist of block copolymers, typically containing a
neutral hydrophilic block, such as poly(ethylene glycol) (PEG), for charge shielding and
improved colloidal stability, in addition to a block that loads the cargo (Cabral et al. 2018). The
block responsible for loading the nucleic acid cargo usually contains cationic charges, enabling
self-assembly by simply mixing negatively charged nucleic acid with the partially charged
block ionomer (Kataoka, Harada, and Nagasaki 2001). The resulting polyion complex (PIC)
micelle exhibits a core-shell structure with the mRNA cargo loaded on the inside and shielded

by a PEG shell (Uchida et al. 2013; Q. Chen et al. 2017).

To further enhance the stability and efficacy of polymeric micelles for nucleic acid
delivery, the polymers can be modified with thiol groups for crosslinking or hydrophobic
moieties to improve stability in biological environments, highlighting the flexibility of
polymer-based nucleic acid delivery systems (Dirisala et al. 2019). Previous research has also
emphasized the critical role of chain flexibility in polymeric carriers for stabilizing mRNA into
nanosized micelles (Miyazaki et al. 2020). This suggests that using a block ionomer with a
flexible backbone, such as PEG-poly(glycidyl), for self-assembly into PIC micelles may be a
promising approach to ameliorate the delivery of mRNA, which is still hindered by challenges

of safely and efficiently stabilizing the RNA cargo.(Yang, Miyazaki, et al. 2023)

Increasing the interactions between the PIC micelle and the mRNA, including design
elements to promote n-n-stacking between mRNA and the carrier are another option to increase
the micelle’s stability. n-n-stacking interactions between proteins and nucleobases in RNA have
been widely reported (Wilson, Holland, and Wetmore 2016; Wilson et al. 2021; Sivasakthi,

Anbarasu, and Ramaiah 2013). The advanced stability and mRNA delivery due to m-m
12



interactions have been demonstrated with tyrosinated polymeric carriers (Yang, Miyazaki, et
al. 2023). Among amino acids, phenylalanine (Phe) amino acid in proteins was found to be a
major contributor to the interaction with RNA via n-n-stacking interactions. Indeed, the studies
assigned nearly half (45 %) of the interactions between proteins and RNA to Phe, and found
that more than 60% of Phe in proteins engage in m-n-stacking with RNA. For that reason,
carriers with Phe have been discovered to engage in strong interactions with RNA, and were

able to load large-sized self-replicating (RepRNA) in their cores (Mixich, Boonstra, et al. 2024).

In addition to stability and cargo loading, the escape of the carrier from the endosomal
compartment after cellular uptake is a major challenge for non-viral delivery systems (Varkouhi
et al. 2011; Kargaard, Sluijter, and Klumperman 2019; Rehman, Zuhorn, and Hoekstra 2013).
Outstanding endosomal escape has been linked to improved cellular gene delivery efficacy, as
evidenced by research on delivery systems utilizing block copolymer poly(ethyleneglycol)-b-
poly(N-N-(2-aminoethyl)-2-aminoethyl-aspartamide) (PEG—PAsp(DET)). These systems
have demonstrated the ability to induce membrane destabilization at pH 5.5 while showing
minimal effects at pH 7.4. The pH-selective endosomal membrane destabilization has played
a crucial role in the successful application of these systems for gene delivery, leading to

enhanced transfection and minimal cytotoxicity (Yang, Mixich, et al. 2023).

Furthermore, the targeted delivery of mRNA to immune cells presents a major challenge
due to the hard-to-transfect nature of immune cells. Overcoming these challenges is crucial for
the successful in-situ delivery of mRNA to immune cells. In conclusion, polymeric micelles
offer a versatile platform for nucleic acid delivery, with the potential to address challenges
related to stability, cargo loading, and targeted delivery. Further research into the design and
modification of block copolymers for self-assembly into PIC micelles, as well as strategies to
enhance endosomal escape and immune cell targeting, will be essential for advancing the field

of mRNA delivery for immunotherapy and other applications.
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1.7 Targeting ligands

Ligand-installed nanocarriers are constructed based on the affinity between the ligands
and receptors on target cells. The identity of unique receptors on target cells and the
corresponding ligand provide the molecular basis of “recognition-binding” functions for
targeting nanocarriers. Through ligand-receptor interactions, the system can deliver mRNA to
certain types of cells or tissues (Deshayes et al. 2013), promote cellular uptake by receptor-
mediated endocytosis (Oyewumi et al. 2004) and they can modulate signaling pathways (Allen
2002; Kanapathipillai, Brock, and Ingber 2014). Certain ligands can even improve intracellular
delivery after cell uptake by facilitating endosomal escape, a critical step for the successful
translation of mRNA after endocytosis (Figure 1.3) (Mi, Cabral, and Kataoka 2020a; Houseley

and Tollervey 2009).

N .
@  Polymeric
@ ‘g’ / Nanocarrier

Targeti
Ligand

—(  Receptor

targeted cell

Figure 1.3 Ligand mediated cell uptake. 1) Active ligand-mediated transport through blood
vessels. 2) Ligand-mediated cell signaling 3) Ligand-mediated retention on cell surface. 4)

Ligand-mediated endocytosis. 5) Endosome escape through ligand interactions.

T-cell therapy aims to reprogram cytotoxic T cells in our immune system to recognize
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and kill diseased cells. But T cells are known to be hard to transfect and besides physical
transfection methods, targeted delivery is usually necessary to accomplish meaningful
transfection efficiencies. CD8 and CD3, which are expressed on the surface of T cells, are
commonly targeted to direct and internalize nanoparticles into T cells (Moffett et al. 2017; N.
N. Parayath et al. 2020). Moffett et al. demonstrated that programing T-cells ex vivo through a
CD3-targeted PBAE-based mRNA polyplex can express genome-editing agent in anti-cancer
T-cells. However, CD3 antibodies might also trigger cellular responses leading to T-cell anergy
and immunosuppression (Wolf et al. 1994). Parayath et al. electrochemically adsorbed CDS8
antibody fragments on PBAE polymer loading mRNA to initiate rapid receptor-induced
endocytosis and deliver mRNA to T-cells (N. N. Parayath et al. 2020). However, the
conjugation of full antibody may accelerate the clearance of antibody-installed nanocarriers
from blood circulation, as the Fc region would facilitate their recognition by immune cells and
the reticuloendothelial system (RES). To circumvent these issues, antibody fragments, i.e., the
binding sites without the Fc fragment, were proposed as targeting moieties. The most
frequently used anti-body fragments for nanocarriers are the Fab (=50 kDa) (Mi, Cabral, and

Kataoka 2020a).

Similarly, the uptake of other immune cells, such as macrophages can be improved by
targeting ligands targeting moieties overexpressed on those immune cells. Targeting
macrophages or dendritic cells with mannose targeting ligands has been the subject of extensive
research due to the potential applications in antigen delivery and immune modulation. Mannose
receptors, which are expressed on the surface of macrophages and dendritic cells, have been
identified as key targets for ligand-mediated uptake of antigens (Lane et al. 1998; White et al.
2006; Ni, Singh, and Wang 2002; Thalla et al. 2020). The active targeting approach using
mannosylated ligands has been explored to target the mannose receptor on the surface of

macrophages, in addition to passive targeting (Fukuda, Mochizuki, and Sakurai 2015). The use
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of mannose as a targeting moiety has been incorporated into various delivery systems, such as
cationic albumin and solid lipid nanoparticles, to achieve macrophage targeting delivery of
immunostimulatory agents (Shinchi et al. 2021). Overall, the extensive body of research
supports the potential of targeting macrophages and dendritic cells with mannose targeting

ligands for antigen delivery, immune modulation, and gene delivery applications.
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1.8 Overview of this dissertation

The primary objective of this research was to develop a novel mRNA delivery platform
for the in situ generation of chimeric immune cells for cancer therapy (Figure 1.4). The study
aimed to capitalize on the unique advantages offered by RNA-based non-viral nanoparticles
with targeting ligands while addressing challenges related to stability in physiological milieus
and targeted delivery to hard-to-transfect immune cells. To achieve this, the research utilized
anti-CD19 CAR and Chemokine mRNAs, along with a novel PEG-poly(glycidyl)-based
polymeric carrier modified with phenylalanine to enhance stability and improve endosomal
escape. Additionally, targeting ligands such as anti-CD8 Fab’ and mannose were employed to
facilitate enhanced and targeted delivery to CD8" cytotoxic T cells and macrophages for the in

situ generation of chimeric receptors on immune cells.
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Figure 1.4 Research layout. 1) Formation of PIC micelles by mixing block-copolymers with a
polycationic block with mRNA encoding the protein for chimeric antigen receptors (CARs)

against cancer. 2) Installing anti-CD8 Fab’ targeting ligands on the surface of the micelles via
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click reaction. 3) Targeted delivery of the mRNA to T cells and expression of CAR-protein and
produce 4) cancer targeting CAR T cells in situ. 5) CAR T cells induce dell death of cancer

cells.

Chapter 2 focuses on the in silico design of anti-CD19 CAR encoding plasmid at the
DNA level, followed by the preparation and characterization of the plasmid DNA. Chapter 3
centered on the preparation and characterization of the polymer, the condensation of mRNA
into nanosized micelles using this polymer, and the assessment of the system's efficacy in terms
of uptake, endosome escape, and protein expression. Chapter 4 investigates targeting ligands
for different immune cells, their installation on the surface of the nanoparticle, and evaluates
their effectiveness in transfecting targeting cells in vitro. Chapter 5 analyzes the generation of
functional anti-CD19 CAR T cells, the effective expression of CXCR4 on immune cells, and
their impact in vitro and in vivo in cancer models. Finally, Chapter 6 provides a comprehensive
conclusion and offers insights into potential future research directions to address remaining

challenges and further enhance the current system.
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Chapter 2.

Design and Synthesis of mRNAs
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2.1 Introduction

mRNA for clinical applications is synthesized using in vitro transcription (IVT) with a
DNA template containing the appropriate promoter sequence for RNA polymerases derived
from bacteriophages such as SP6 or T7. The template DNA used generally consists of a
linearized piece of plasmid DNA containing a polymerase promoter upstream of the desired
sequence and is used to produce run-off transcripts with the compatible RNA polymerase.
mRNA typically requires 5’ cap and 3’ poly(A) structures to be efficiently translated in the
cytosol. The poly(A) can be added enzymatically or can be incorporated directly into the
plasmid DNA. The 5’cap can be added co-transcriptionally or in a separate step using a capping
enzyme derived from the vaccinia virus. Purification can be done in several ways, including
precipitation, affinity-based columns, and chromatography methods (Pascolo 2004; Geall,

Mandl, and Ulmer 2013; Weissman et al. 2013)

Chimeric antigen receptors (CARs) are designed to be expressed on immune cells and
generally consist of intracellular and extracellular domains. Extracellular domains most
commonly consist of single-chain variable fragments (scFvs) with high affinity and specificity
to the target antigen. CD19 is an appealing target for immunotherapy because it is uniformly
expressed by the vast majority of B-cell malignancies and has been successfully implemented
in CAR T cell treatments. The 1D3 hybridoma from ATCC produces an IgG2ak antibody that
specifically recognizes murine CD19. The variable regions of this hybridoma can be used for
CAR T cell therapy (Kochenderfer et al. 2010). Intracellular domains consist of signaling
domains delivered through TCR/CD3( and co-stimulatory domains, such as CD28 or 4-1BB,
essentially reproducing the checkpoints of T cell activation (Srivastava and Riddell 2015) on

T cells, both of which are provided only by activated APCs.

In this chapter, a T7-anti-CD19 CAR plasmid is designed in silico and generated using a

ligation reaction. The source plasmid containing a T7 promoter sequence encoding for Gluc is
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digested with restriction enzymes and the desired coding sequence encoding anti-CD19 CAR
protein that can specifically recognize murine CD19 is generated via PCR with necessary
overlaps of restriction enzymes to generate complementary sticky ends (Figure 2.1). The
identity of the resulting plasmid is checked using restriction digestion and Sanger sequencing
and used as a template for in vitro transcription (IVT) to generate anti-CD19 CAR mRNA.
Template DNA containing Gluc and chemokine receptor 4 with turbo-GFP (CXCR4-tGFP)
were also synthesized by IVT. To confirm the successful synthesis, the resulting mRNAs are

analyzed by capillary gel electrophoresis.

Anti CD19 gene Backbone for mRNA
Restriction
4
*
Sticky ends Ligation Sticky ends
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A
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Figure 2.1 The desired anti-CD19 CAR sequence is amplified using PCR with primers
including restriction sites complementary to the backbone pSP73.pA-Gluc plasmid, and
digested via restriction digestion. The backbone containing a T7 polymerase promoter, poly(A),
and Gluc sequences is digested to remove the Gluc sequence and to create sticky ends. The two

fragments are combined via T4 DNA ligation.
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2.2 Materials and methods
2.2.1 Materials

Sodium acetate buffer (pH 4.5), Dulbecco's Phosphate-Buffered Saline (D-PBS), and
sodium hydroxide (NaOH), were purchased from Fujifilm Wako Pure Chemical, Co., Inc.
(Osaka, Japan). 1 M HEPES buffer pH 7.4, was purchased from Cambridge Isotope
Laboratories, Inc. (Massachusetts, USA). MSGV1-1D3-28Z.1-3 mut anti-CD19 CAR plasmid
was purchased from Addgene (Watertown, MA, U.S.A.). All restriction enzymes, T4 DNA
Ligation Kit, Stellar chemically competent E. coli cells and the CloneAmp HiFi PCR premix
were obtained from Takara Bio (Shiga, Japan). The mMESSAGE mMACHINE T7 Ultra Kit
and Luria-Bertani (LB) broth were purchased from Thermo Fisher Scientific (Waltham, MA,
U.S.A). NucleoSpin Plasmid kit and the NucleoBond Xtra Maxi kit were purchased from
Macherey Nagel (Diiren, Germany). RNeasy Mini kit was obtained from Qiagen (Hilden,
Germany), PCR primers were purchased from FASMAC Inc. (Kanagawa, Japan). The

pSP73.pA-Gluc plasmid DNA was kindly gifted by Dr. Eger Boonstra.

2.2.2 Plasmid amplification with competent E coli. cells

Stellar chemically competent E. coli cells (Takara Bio, Shiga, Japan) were thawed on ice.
50 pl cell suspension was transformed with 1 ng plasmid DNA solution by heat shocking at
42 °C for precisely 45 seconds. Cells were recovered in 500 pl SOC medium at 37 °C for 1 hour,
plated at several densities on LB-Agar plates containing 50 pg/ml ampicillin, and incubated
overnight at 37 °C. Single, isolated colonies were picked and transferred to culture tubes
containing 3 ml LB broth containing 50 pg/ml ampicillin and incubated under shaking for
6 hours. These pre-cultures were used to inoculate larger overnight cultures for either miniprep
(5 ml) or maxiprep (300 ml). Plasmid isolation from E. coli was performed using either a
NucleoSpin Plasmid kit (Macherey Nagel, Diiren, Germany) for minipreps or a NucleoBond
Xtra Maxi kit (Macherey Nagel, Diiren, Germany) for maxipreps following the included
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instructions. Final DNA concentrations were measured using NanoDrop ND-1000

spectrophotometer (Thermo Fisher Scientific, MA, USA).

2.2.3 Restriction digestion of plasmid DNA

Restriction digestion of plasmid DNA was performed following a standard reaction
containing 1 pl restriction enzyme per pug DNA in a final volume of 20 pl appropriate buffer.
The reaction was incubated at 37 °C in a thermocycler (Takara Bio, Shiga, Japan) for 1 hour
for miniprep identification or 2 hours for other applications. If applicable, enzymes were heat-

inactivated at 65 °C for 15 minutes after digestion was complete.

2.2.4 pSP73.pA backbone plasmid DNA isolation

For T4-ligation assembly, pSP73.pA-Gluc plasmid DNA was digested as described
above with Xbal and HindIII in M buffer to remove the Gluc coding sequence. After digestion,
the DNA was purified via agarose gel electrophoresis as described above. The larger band was
excised and the DNA was isolated using a QIAquick Gel Extraction kit (Qiagen, Hilden,
Germany) following the included instructions. The final DNA concentration was measured

using a NanoDrop ND-1000 spectrophotometer.

2.2.5 PCR of Anti CD-19 CAR plasmid DNA for T4 ligation

MSGV1-1D3-28Z.1-3 mut plasmid DNA was used as a template for a PCR to generate
an insert with ends homologous to the ends of the pSP73.pA backbone. The reaction mixture
was assembled with CloneAmp HiFi PCR premix (Takara Bio, Shiga, Japan), 1 ng template
DNA, and 0.2 uM forward and reverse primers (Table 2.1). A thermocycler was programmed
for 35 cycles of denaturing at 98 °C for 10 seconds, annealing at 50 °C for 5 seconds, and
extension at 72 °C for 5 seconds. The PCR product was subjected to agarose gel electrophoresis
as described above. The resulting band was excised and isolated using a QIAquick Gel
Extraction kit following the included instructions. The DNA concentration was measured using

a NanoDrop ND-1000 spectrophotometer.
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Table 2.1 Primer sequences for generating PCR fragment of anti-CD19 CAR insert for T4

DNA ligation
Primer name Primer sequence
FWD primer CGAGCAGCTGAAGCTTACCATCCTCTAGCCC
REV primer CCGGGGATCCTCTAGATCGACTCATCTGGGG

The resulting DNA fragment was then digested via restriction digestion using Xbal and HindIII
in M buffer as described above, and the larger band was purified using a QIAquick Gel
Extraction kit following the included instructions. The DNA concentration was measured using

a NanoDrop ND-1000 spectrophotometer.

2.2.6 Assembly of T7-anti-CD19-CAR plasmid DNA

The T7-anti-CD19-CAR plasmid DNA was assembled using T4 ligation. 45 ng of linear
pSP73.pA vector and 85 ng MSGV1-1D3-28Z.1-3 mut fragment were prepared in 19 pL T4
DNA ligase buffer. Then 1 uL T4 DNA ligase was added and the reaction and the reaction
mixture incubated at 16 °C for 2 hours. The resulting plasmid was amplified using Stellar
chemically competent E. coli cells as described above to collect 4 precultures. After confirming
the plasmid assembly via gel electrophoresis, one of the pre-cultures was used to inoculate
larger overnight cultures of Stellar chemically competent E. coli cells for maxiprep. Plasmid
isolation from E. coli was performed using either a NucleoBond Xtra Maxi kit (Macherey
Nagel, Diiren, Germany) following the instructions. Final DNA concentration was measured

using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, MA, USA).
2.2.7 Sanger sequencing of T7-anti-CD19-CAR plasmid DNA

The T7-anti-CD19-CAR plasmid DNA sequence was further confirmed using Sanger
sequencing. Two primers were designed (Table 2.2) and mixed with The T7-anti-CD19-CAR
plasmid DNA (35 ng/ul) at 0.45 uM primer concentration. Sanger sequencing was performed
by FASMAC Inc. (Kanagawa, Japan) using a BigDye Terminator v3.1 Cycle Sequencing Kit

and a 3130xl Genetic Analyzer (Thermo Fisher Scientific, Waltham, MA, USA).
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Table 2.2 Sanger sequencing primer sequences of T7-anti-CD19-CAR plasmid DNA

Primer name Primer sequence
Seq 1 ATTACCGCCTTTGAGTGAGC
Seq 2 AACAGCAGAAGAAACAGAGG

2.2.8 Invitro transcription of plasmid DNA

The template for IVT was prepared by digesting the T7-anti-CD19-CAR plasmid with
BgllI restriction enzyme and the CXCR4-tGFP chemokine plasmid with Pmel restriction
enzyme as described above. The DNAs were purified by ethanol precipitation, adding 1/10th
volume 0.5 M EDTA, 1/20th volume 3 M sodium acetate, and 2 volumes of ethanol. The
mixture was chilled at -20 °C for 30 minutes and centrifuged at maximum speed for 15 minutes.
The pellet was dried and resuspended in nuclease-free water. The template DNA was used for
an in vitro transcription (IVT) reaction using a MEGAscript T7 Transcription kit in accordance
to the included instructions. The reaction was incubated at 37 °C in a thermocycler for 2 hours.
Turbo DNase included in the kit was added and the reaction was further incubated for 15
minutes to remove the template DNA. The RNA was isolated using an RNeasy Mini kit
(Qiagen, Hilden, Germany) following the included RNA cleanup protocol. The RNA was

eluted in nuclease-free water in multiple steps to increase the yield.

2.2.9 mRNA size analysis with capillary gel electrophoresis

RNA size was estimated with capillary gel electrophoresis. The RNA was diluted to 100
ng/pL in nuclease-free water and then denatured at 70 °C for 2 minutes before analysis.
Capillary gel electrophoresis was performed with a 2100 Bioanalyzer Instrument (Agilent
Technologies, Santa Clara, CA, USA) using an RNA 6000 Nano kit (Agilent Technologies,

Santa Clara, CA, USA) according to the manufacturer’s instructions.
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2.3 Results and discussion

A plasmid was designed in silico for use as a template to generate Anti-CD19 CAR
mRNA. The plasmid contains the necessary T7 promoter sequence in a pSP73.pA backbone
sequence and the anti-CD19 CAR gene derived from the MSGV1-1D3-28Z.1-3 mut (Plasmid
#107227). This design was realized using a ligation strategy by combining a pSP73.pA
backbone with the anti-CD from19 CAR sequence amplified by PCR (Figure 2.1). First, the
source plasmid was digested with Xbal and HindIll to remove the Gluc sequence. The
following agarose gel electrophoresis showed a band corresponding to the excised Gluc
fragment of around 600 bp as well as a band corresponding to the size of the pSP73.pA
backbone at around 2550 bp (Figure 2.2a). This, and the absence of any further bands indicates

a successful exertion of Gluc from the backbone plasmid.

Next, the desired anti-CD19 CAR coding sequence was amplified from the MSGV1-
1D3-28Z.1-3 mut plasmid using PCR. The primers were originally designed to contain terminal
sequences that are homologous to the cut ends of the pSP73.pA backbone for Gibson assembly.
In addition, the restriction sites for Xbal and HindIII were also incorporated. By performing
PCR with these primers (Table 2.1) a fragment was obtained with terminal sequences
homologous to the pSP73.pA backbone. Eventually, Gibson assembly was not used and the
PCR fragment was further digested with Xbal and HindIII to create compatible sticky ends for
T4 DNA ligation. The fragment was analyzed by agarose gel electrophoresis and the resulting
band corresponded to the expected fragment size of around 1500 bp (Figure 2.2b). Both
fragments were isolated from the agarose gel and combined using T4 DNA ligation. The
assembly reaction was used to transform E. coli to amplify the final T7-anti-CD19 CAR

plasmid.
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Figure 2.2 Agarose gel (1% w/v) electrophoresis of DNA fragments generated by (a) restriction
digestion of pSP73.pA-Gluc plasmid (b) PCR of MSGV1-1D3-28Z.1-3 mut plasmid followed
by restriction digestion (c) restriction digestion of minipreps prepared from assembly via T4

DNA ligation using the fragments from (a) and (b).
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Four colonies were selected and cultured by miniprep. The minipreps were digested using
Pvull to assess plasmid identity. The restriction digestion with Pvull yielded band patterns
matching the expected bands from the in silico digestion (Figure 2.2¢). Sanger sequencing was
done to further confirm the correct insertion of the anti-CD19 CAR coding sequence into the
pSP73.pA backbone (Figure 2.3). Primers were chosen slightly upstream of the assembly
joints. The results confirm the in silico sequence and the correct insertion of the anti-CD19
CAR coding sequence (Figure 2.3). These results confirm the correct assembly of T7-anti-
CD19 CAR plasmid DNA, which can be used as a DNA template for IVT to generate anti-

CD19 CAR mRNA
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Figure 2.3 Sanger sequence of T7-Anti-CD19-CAR plasmid DNA and alignment with in silico
sequence using a) Primer Seq. 1 and b) Primer Seq. 2. The blue and orange squares mark the

assembly points of the backbone and the anti-CD19 CAR sequence.
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The T7-Anti-CD19-CAR plasmid was used along with a T7-CXCR4-tGFP plasmid and

a plasmid encoding the reporter protein gaussian luciferase (Gluc) as a template for IVT. The

templates contain a promoter for the T7 bacteriophage RNA polymerase which is widely used
for IVT. Additionally, the T7-Anti-CD19-CAR and the T7-CXCR4-tGFP plasmids contain a
120-nucleotide long poly(A) sequence downstream of the coding sequence, eliminating the
need to add a poly(A) tail after mRNA synthesis for these sequences. On the contrary, the T7-
CXCR4-tGFP did not include a poly(A) sequence in the template, which required an in vitro
poly(A) tailing reaction using E. coli Poly(A) Polymerase (E-PAP) and ATP after IVT to result
in enhanced translation over untailed mRNAs maybe due to increased mRNA stability and

translation efficiency (Bernstein, Peltz, and Ross 1989; Gallie 1991; Khaleghpour et al. 2001).

All of the mRNA were capped using an Anti-Reverse Cap Analog or ARCA (Jemielity et
al. 2003; Peng et al. 2002). In ARCA, one of the 3' OH groups (closer to ’"MG) is eliminated
from the cap analog and is substituted with —OCHs. This modification allows T7 RNA
polymerase to initiate transcription only with the remaining —OH group and thus synthesize
RNAs capped exclusively in the correct orientation. Substitution of traditional Cap Analog with
ARCA allows for the synthesis of capped RNAs that are 100% functional, in contrast to
transcription reactions using traditional cap analog where only half of the cap analog is

incorporated in the correct orientation.

After cleanup by spin column, the resulting mRNAs were analyzed by capillary gel
electrophoresis to assess the mRNA sizes. Gluc mRNA showed a peak of around 877 nt, which
matches the in silico calculation of around 810 nt (Figure 2.4a). anti-CD19 CAR mRNA
showed a peak of around 1553 nt, which matches the in silico calculation of around 1640 nt
(Figure 2.4b). Finally, CXCR4-tGFP mRNA showed a peak of around 1950 nt, which matches

the in silico calculation of around 1880 nt before poly(A) tailing (Figure 2.4c¢).
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Figure 2.4 Electropherograms using Bioanalyzer of mRNAs encoding various proteins. a)
Electropherograms of mRNA encoding Gluc. b) Electropherograms of mRNA encoding anti-

CD19 CAR. ¢) Electropherograms of mRNA encoding CXCR4-tGFP
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The poly(A) length of CXCR4-tGFP mRNA was estimated to be around 70 nt. The length
of the poly(A) tail can have a great impact on the expression efficiency of mRNA. However, a
wide variety of naturally occurring poly(A) lengths, combined with conflicting reports of
naturally occurring poly(A) make it hard to predict the optimal length in IVT mRNA (Weill et
al. 2012; Jalkanen, Coleman, and Wilusz 2014; Lima et al. 2017). Commerical mMESSAGE
mMACHINE® T7 Ultra Kit, which was used to synthesize this mRNA, typically adds 50-100
A to their transcripts according to their instruction manual, which matches the poly(A) length

of the CXCR4-tGFP mRNA.

This mRNA is generally suitable for in vivo application, but to further improve the
translation efficiency of mRNA, pseudouridine (¥) could be incorporated into the mRNA in
the future. It has been found in tRNA, rRNA, snRNA, mRNA, and other types of RNA (Carlile
etal. 2014; Lovejoy, Riordan, and Brown 2014; Schwartz et al. 2014). ¥ is derived from uridine
via a base-specific isomerization reaction called pseudouridylation. It allows the nucleobase to
rotate more freely (Adachi et al. 2021) and generally stabilizes the RNA. Further, it seems that
¥ increases the protection of the RNA against nucleases. N1-methyl-¥ is a further derivative.
Indeed, it has been reported that N1-methyl-¥ diminished the activity of innate immune sensors
and that N1-methyl-¥ performed even better than ¥ in improving the translational capacity
and reducing cytotoxicity of modified mRNA when tested in several human cell lines, primary
human cells, and in animals (intradermal and intramuscular injection in mice) (Andries et al.
2015). It has been used for Covid-19 vaccines like Pfizer-BioNTech added N1-methyl-¥ to
their COVID-19 mRNA vaccine candidate (comirnaty® or BNT162b2) (Morais, Adachi, and

Yu 2021b).

Alternative purification techniques, like poly(A) binding columns or size-specific
methods such as chromatography, may also offer improved efficacy in obtaining a pure product.

Chromatography-based approaches have been associated with an impact on RNA immune
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responses due to the presence of dSRNA contaminants arising from the IVT process (Kariko et
al. 2011). Consequently, pharmaceutical companies commonly employ chromatography-based

methods for purifying IVT RNA, whereas such methods are less practical on a laboratory scale.
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2.4 Conclusion

A DNA template encoding anti-CD19 CAR in a backbone with T7 was designed in silico
and constructed using T4 DNA ligation. Transformation into E. coli resulted in accurate and
efficient cloning with correct plasmid identity in all selected clones. mRNAs encoding the
reporter protein Gluc, anti-CD19 CAR, and CXCR4-tGFP including ARCA caps and poly(A)
tails were prepared from template DNA using IVT. Size analysis using capillary gel
electrophoresis revealed a product with a clear, single peak, indicating sufficient purity for

subsequent experiments.
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Chapter 3.

Preparation and Characterization of mRNA-Loaded PIC Micelles
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3.1 Introduction

In this chapter, we explore the properties of a block ionomer composed of a poly(glycidyl)
flexible backbone, modified with phenylalanine. The design of this polymer aims to enhance
interactions with mRNA through the flexible backbone (Miyazaki et al. 2020) and the
stabilizing influence of n-m interactions between phenylalanine and RNA (Yang, Miyazaki, et
al. 2023). Additionally, the block ionomer incorporates a terminal -N3 group to facilitate
surface modifications, enabling the attachment of targeting ligands such as antibodies, antibody
fragments, or mannose groups to target immune cells. The presence of a poly(ethylene glycol)
(PEG) block is crucial for maintaining micelle stability under physiological conditions and acts
as a shield against surface charge. Furthermore, phenylalanine is conjugated to the polymer via
hydrolyzable ester bonds through Steglich esterification, leaving the primary amine as an

ionizable group.

This polymer was used to condense various mRNAs into micelles. These micelles were
characterized in terms of morphology, surface charge, and stability, to study their properties.
Further, their ability to transfect cells and express mRNA in vitro was confirmed. It is
noteworthy that block catiomers with moieties that ionize at endosomal pH can result in
micelles with the ability to disrupt endosomal membranes, thereby promoting the release of
payloads from endosomes into the cytosol. (Smith et al. 2019; Shima, Akagi, and Akashi 2014).
To confirm pH-dependent action, the apparent pKa of the carrier is determined, and the

endosomal escape quantified.
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Figure 3.1 Synthesis of a-azide-poly(ethylene glycol)-block-poly(glycerol) (N3-PEG-PQG)
copolymers by ring-opening polymerization, followed by the conjugation of amino acids via
Steglich esterification, and subsequent deprotection of amine to obtain N3-PEG-

poly(glycidyl(amino acids)) (N3-PEG-PG(AA))
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3.2 Materials and methods
3.2.1 Materials

a-azide-poly(ethylene glycol) (PEG-OH) was purchased from Nanosoft Polymers
(Winston-Salem, NC, USA). N-(9H-fluoren-9-ylmethoxy)carbonyl-L-phenylalanine (Fmoc-
Phe-OH) (purity > 98.0%), potassium (K) (purity > 99.5%), Triton X-100, N-(9H-fluoren-9-
ylmethoxy)carbonylglycine (Fmoc-Gly-OH) and (purity > 98.0%), hydrochloric acid (HCI)
were purchased from Sigma-Aldrich (St. Louis, MO, U.S.A). N-(4-Pyridyl)dimethylamine
(DMAP) (purity > 99.0%), N,N-dimethylformamide (DMF) (purity > 99.5%), and 1-Ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC) (purity > 98.0%) were purchased from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan). PTFE filters (0.22 um) were purchased from
Merck KGaA (Darmstadt, Germany). Diethyl ether, piperidine (purity > 98.0%), ethanol,
sodium acetate buffer pH 4.5, naphthalene (purity > 98.0%), sodium hydroxide (NaOH),
Fluorescamine, LDH-Cytotoxicity Tests, and Dulbecco's Phosphate-Buffered Saline (D-PBS),
were obtained from Fujifilm Wako Pure Chemical, Co., Inc. (Osaka, Japan). Cy5 Label IT
Nucleic acid labeling kit was purchased from Mirus Bio (Madison, W1, USA). Tetrahydrofuran
(THF) (super dehydrated, purity > 99.5%) was purchased from Kanto Chemical, Co., Inc.
(Tokyo, Japan). In vivo JetPEI and JetMESSENGER were obtained from Polyplus-transfection
(Illkirch-Graffenstaden, France). Renilla Luciferase Assay was purchased from Promega
(Madison, WI, USA). Dimethylsulfoxide-d6 + 0.05% TMS (DMSO-d6) was purchased from
Cambridge Isotope Laboratories, Inc. (Massachusetts, USA). 8-well chambered borosilicate
cover glasses, Penicillin-Streptomycin, LysoTracker Green, Dulbecco’s Modified Eagle’s
Medium (DMEM), MEGAscript T7 Transcription kit, T-PER lysis buffer, and 1 M HEPES
buffer (pH 7.4) were purchased from Thermo Fisher Scientific (Waltham, MA, U.S.A).
ReverTra Ace qPCR RT Master Mix kit was obtained from Toyobo (Osaka, Japan). (1-

Ethoxyethyl)glycidyl ether (EEGE) was purchased from Syphonix, Inc. (Wake Forest, NC,
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USA). Lipofectamine MessengerMAX was purchased from Invitrogen (Waltham, MA, USA).
Fetal bovine serum (FBS) was purchased from Cytiva (Marlborough, MA, USA). 96-well
plates were purchased from Corning Inc. (Corning, NY, USA). RC Dialysis tubes MWCO:
3,500 Da were obtained from Repligen (Waltham, MA, USA). Cell-counting kit-8 (CCK-8)
and Hoechst 33342 solution (Hoechst) were purchased from Dojindo Molecular Technologies
Inc., (Tokyo, Japan). N,N-Dimethylformamide (DMF) (purity > 99.7%) was purchased from

Junsei Chemical Co.Ltd. (Tokyo, Japan).

3.2.2 Cell culture

Human Pancreas adenocarcinoma (BxPC-3) cells were obtained from DS Pharma
Biomedical Japan (Osaka, Japan), HEK-293 and HeLa cells from RIKEN Cell Bank (Tsukuba,
Japan). HEK293, HeLa and BxPC-3 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA) with 4500 mg/I glucose, L-glutamine,
sodium pyruvate, and sodium bicarbonate supplemented with 10% fetal bovine serum (FBS;

Cytiva, Marlborough, MA, USA) in a humidified incubator at 37 °C and 5% CO2.

3.2.3 Synthesis of flexible N3-PEG-PG(Phe)

First, 145 mg (5.6 umol) of N3-PEG-PEEGE was dissolved in 1 M HCI and stirred at
room temperature for 16 hours to obtain N3-PEG-PG. The resulting product was then purified
by dialysis using a membrane with a molecular weight cutoff (MWCO) of 3,500 Da.
Subsequently, 82 mg (4.9 umol, yield 89%) of the purified product weas collected after freeze-
drying the solution. Next, Fmoc-Phe-OH was conjugated to the backbone via Steglich
Esterification using 75 mg (4.5 pmol) of N3-PEG-PG dissolved in 7 mL of dimethylformamide
(DMF) containing 10 mM LiCl under an argon atmosphere. Then, 740 mg (1.9 mmol, 5 eq. of
OH) of Fmoc-Phe-OH was added to the solution. The solution was cooled on ice and sparged
with argon for 5 minutes under stirring. Subsequently, 53 mg of 4-dimethylaminopyridine

(DMAP) (0.43 mmol, 1.1 eq. of OH) was added. The solution was stirred and sparged with
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argon for another five minutes before 0.270 mL (1.6 mmol, 4 eq. of OH) of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) was added dropwise. The ice bath was removed
after 35 minutes, and the solution was stirred at room temperature under argon and exclusion
of light overnight to obtain N3-PEG-PG(Phe-Fmoc). The solution was filtered, and the filtrate
was dialyzed against DMF. The Fmoc protection groups were removed by adding 25% (v/v)
of piperidine for 1 hour. The product was then dialyzed against DMF, followed by dialysis
against deionized water at 4 °C, and dried via freeze-drying. The final product, N3-PEG-
PG(Phe), was characterized using an ECS-400 1H-NMR spectrometer (400 MHz; JEOL,

Tokyo, Japan) at 80 °C in DMSO-d6 at a concentration of 10 mg/mL.

3.2.4 Cytotoxicity of N3-PEG-PG(Phe)

HEK293 cells were seeded in 96-well plates at 1x10* cells/well. After incubation
overnight, the cell culture media were replaced by cell culture media containing 0.00, 0.025,
0.05, 0.1, 0.02, and 0.04 mg/mL N3-PEG-PG(Phe). After 24-h incubation, the cell viability was
determined by CCK-8 assay following the manufacturer’s protocol. Absorption at 450 nm was

measured using an Infinite M200 microplate reader (Tecan, Madnnendorf, Switzerland).

3.2.5 Hydrolysis of N>-PEG-PG(Phe)

The detachment of Phe from the polymer over time was determined via UV-VIS
spectrometry. N3-PEG-PG(Phe) was dissolved in water and dialyzed using a Mini Dialysis Kit
with a 8 kDa cut off (Cytiva; Malborough, MA, USA) against water at r.t. for 28 h. The Phe
concentration inside the dialysis tube was determined at several time points via NanoDrop at
an absorbance of 260 nm to calculate the conjugation. A concentration curve was measured

using aqueous solutions of N3-PEG-PG(Phe) at several concentrations.

3.2.6 Preparation of mRNA loading Phe(m) micelles
Micelles containing mRNA were produced through self-assembly by mixing diluted

polymer solution with mRNA solution. A 1 mg/ml stock solution of polymer was prepared by
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dissolving N3-PEG-PG(Phe) in 10 mM sodium acetate (pH 4.5) buffer and filtering the solution
through a 0.22 um filter to remove debris. The polymer solution was then diluted with sodium
acetate (pH 4.5) buffer to the desired concentration. mRNA solutions were prepared by diluting
mRNA in 10 mM HEPES (pH 7.4) buffer to appropriate concentrations for the required
amine/phosphate (N/P) ratios and mixed with the polymer solutions in a 1.5 ml hypertube by
placing the mRNA solution in the bottom of the tube and the polymer solution on the wall of
the tube and vortexing briefly. The resulting Phe(m) micelles were allowed to equilibrate on

ice for 30 minutes before use.

3.2.7 Particle characterization via dynamic light scattering

The micelle’s particle size distributions were characterized by dynamic light scattering
(DLS) using a Zetasizer Nano ZS (Malvern Panalytical, Malvern, UK). Phe(m) micelle
solutions were diluted to 20 ng/ul. RNA concentration in 10 mM HEPES (pH 7.4) buffer and
transferred to a low-volume quartz cuvette. Measurements were performed at 25 °C with a
50 mW frequency doubled DPSS Nd:YAG laser (A=532 nm) at a detection angle of 173°.
Hydrodynamic diameters and polydispersity indices (PDI) were calculated according to the

cumulant method.

3.2.8 Particle characterization via zeta potential measurement

The zeta potential of the particles was measured by electrophoretic light scattering (ELS)
using a Zetasizer Nano ZS equipped with a 50 mW frequency doubled DPSS Nd:YAG laser
(A=532 nm). The sample was diluted to 1.25 ng/ul RNA in 10 mM HEPES (pH 7.4) bufter,
loaded in a folded capillary cell, and equilibrated to 25 °C before measurement. The zeta

potential was obtained using Smoluchowski’s equation.

3.2.9 Fluorescent labeling of nucleic acids
mRNA were fluorescently labeled with a Label IT Nucleic acid labeling kit following the

manufacturer’s instructions. Cy5-labeled mRNAs were purified using EtOH precipitation. The
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final concentration of the labeled mRNA was determined by using a NanoDrop ND-1000

spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA)

3.2.10 Determination of mRNA number per Phe(m)

mRNA was labeled with Cy5 using Label IT kit as described above. To determine the
amount of Cy5 per mRNA, FCS was performed to obtain the counts per mRNA. Then Phe(m)
with various N/P ratios were made using the Cy5-labled mRNA, and free mRNA was removed
by ultrafiltration with a molecular weight cutoff (MWCO) of 100 kDa. To determine the
number of mRNA per micelle, fluorescence correlation spectroscopy (FCS) was measured
using an LSM780 confocal microscope equipped with ConfoCor3 and a 40X water objective
at room temperature. Cy5-labeled free mRNA and micelles were detected using a HeNe laser
at 633 nm to obtain the counts per micelle. The counts were divided by the number of counts

per mRNA to obtain the number of mRNA per micelle.

3.2.11 Determination of the association number of polymer per Phe(m)

Phe(m) with varying N/P ratios were prepared as described previously, diluted 10 times,
and free polymer was separated via ultrafiltration with MWCO of 100 kDa. The amount of free
polymer was determined from the filtrate. Fluorescamine was added, and after 1 hour, the
fluorescence intensity was measured using an Infinite M200 microplate reader (Tecan,
Mainnendorf, Switzerland), with a concentration curve of free polymer with fluorescamine as
a reference. The number of polymers associated with the micelles was determined by
subtracting the number of free polymers from the total number of polymers added and dividing

it by the number of micelles determined by the number of mRNA per micelle.

3.2.12 Particle Characterization via TEM
To prepare the Phe(m) micelles for observation using transmission electron microscopy
(TEM), a dilution was made in 10 mM HEPES buffer with a pH of 7.4, resulting in a final RNA

concentration of 0.25 ng/pL. Subsequently, the micelles were stained on a carbon film support
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grid by adding an equal volume of a 2% w/v uranyl acetate solution and incubating the sulution
for 5 minutes. The imaging of the micelles was performed using a JEM-1400 electron

microscope (JEOL, Tokyo, Japan) operating at an acceleration voltage of 120 kV.

3.2.13 Anion stability assay

Stability against anion exchange reaction was assessed using fluorescence correlation
spectroscopy (FCS). Gluc RNA was fluorescently labeled with Cy5 using a Label IT Nucleic
Acid Labeling kit, Cy5 (Mirus Bio, Madison, WI, USA). Phe(m) micelles were prepared with
fluorescently labeled mRNA and phenylalanine-conjugated polymer at N/P =6 and Gly(m)
micelles were prepared with fluorescently labeled mRNA and glycine-conjugated polymer,
which was provided by Dr. Boonstra Eger at N/P = 3 and diluted in 10 mM HEPES buffer (150
mM NaCl) with different concentrations of dextran sulfate. The samples were incubated at
room temperature for 30 minutes and FCS measurements were made using an LSM 780
confocal laser scanning microscope (Zeiss, Oberkochen, Germany) equipped with a ConfoCor
3 module and a 40X water objective. The HeNe laser (633 nm) was used for the excitation of
Cy5-labeled mRNA. The measurement was performed at room temperature and a normalized
autocorrelation curve was obtained from 10 repeats of 10 s each per sample. Alexa Fluor 647
was used as a reference, stock solutions of Alexa Fluor 647 in water were diluted to the desired

concentration to obtain structural parameters.

3.2.14 In vitro expression in HEK-293 cells

mRNA expression was assessed by transfecting HEK-293 cells with mRNA encoding
Gluc and measuring supernatant luminescence. Cells were seeded overnight in 96-well plates
at a density of 1x10* viable cells per well. Cells were transfected with 200 ng mRNA encoding
Gluc by adding Phe(m) micelles prepared as described earlier, or with Lipofectamine
MessengerMAX reagent (Invitrogen, Waltham, MA, USA) at a 3:1 Lipofectamine:RNA ratio

(v/w) following the manufacturer’s instructions. Supernatant was collected after 48 hours and
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luminescence was measured using a GloMax 96 automated microplate luminometer (Promega,

Madison, WI, USA) as described above.

3.2.15 Cellular uptake and endosomal escape

BxPC-3 cells were seeded at a density of 3x10* viable cells/well in 8-well chambers and
incubated overnight in DMEM supplemented with 10% FBS and 1% PS under 5% CO2 at
37°C. Phe(m) micelles were prepared using N3-PEG-PG(Phe) and Cy5-labeled Fluc mRNA at
a ratio of N/P = 6. Subsequently, naked Cy5-labeled mRNA and Cy5-labeled mRNA-loaded
micelles were administered to each well at a concentration of 700 ng mRNA per well, with a
relative fluorescence intensity of 400 RFU. At various time intervals, cells from a well were
washed, stained with DAPI solution (1:100 in D-PBS) to visualize the nucleus, and stained
with LysoTracker Green (1:200 in culture medium) to visualize the endosomes. The cellular
uptake of the micelles was assessed using an LSM-780 confocal microscope equipped with a
40 x objective (C-Apochromat, Carl Zeiss, Germany). To evaluate the intracellular fate of

mRNA, the degree of colocalization endosomes and the mRNA was quantified.

3.2.16 pKa analysis of N3-PEG-PG(Phe)

Potentiometric titration was performed to determine the pKa of the inonizable amine in
the phenylalanine sidechain of N3-PEG-PG(Phe). 2 mg N3-PEG-PG(Phe) was dissolved in
water acidified to pH 2.4 with HCI. The acidic solution was then titrated by a 916 Ti-Touch
automatic titrator (Metrohm, Herisau, Switzerland) using a 1 mM NaOH solution. The degree
of protonation (o) was determined by finding the equivalence points (EP) from the derivative
of the titration curve (ApH) and setting the lower EP as 100% and the higher EP as 0%

protonation. The pKa is determined as the pH at an o of 0.5.

3.2.17 LDH leakage assay of N>-PEG-PG(Phe)
To investigate the impact of N3-PEG-PG(Phe) polymers on cellular membranes, HeLa

cells were seeded in a 96-well plate at a density of 1 x 10* viable cells per well. The cells were
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allowed to attach to the bottom of the well by incubating them overnight at 37 °C and 5% CO?
in an incubator. The cells were exposed to polymer solutions with varying concentrations in
PBS (pH 5.5) or PBS (pH 7.4) buffers at 37 °C for 15 minutes. Following the exposure, the
supernatant was transferred to a separate well plate and the dissolved lactate dehydrogenase
(LDH) amount was quantified using an LDH-Cytotoxic Test in accordance to the included
manual. UV absorbances (A560) were measured with an Infinite M200 microplate reader
(Tecan, Méannendorf, Switzerland). The relative LDH leakage was calculated as (A560 -

A560,n.c.)/(A560,p.c. - A560,n.c).
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3.3 Results and discussion

N3-PEG-PG(Phe) was successfully synthesized following the scheme in Figure 3.1. At
first, the synthesis of N3-PEG-PEEGE was conducted by ring opening polymerization (ROP)
using N3-PEG-OH and EEGE in the presence of catalytic K-naph. The number of attached
EEGE units in the resulting N3-PEG-PEEGE was determined by 'H-NMR and was found to be
around 89 (Figure 3.2a). The deprotection of the polymer was achieved by dissolving it in a
1 M HCl solution and stirring it for 1 hour. The complete deprotection of the resulting N3-PEG-
PG was confirmed by 1H-NMR (Figure 3.2b). Then, The conjugation of Fmoc-Phe-OH was
conducted via Steglich esterification using EDC and DMAP. The removal of the Fmoc
protection group was accomplished by adding 25% (v/v) piperidine and letting the reaction stir
for 1 hour. Following dialysis and freeze-drying, the composition of the final product N3-PEG-
PG(Phe) was determined by 'H-NMR (Figure 3.2¢). The Phe introduction rate was calculated
to be 89%. The N3-PEG-PG(Phe) polymers were used for subsequent micelle formations with

mRNA.

46



04

a
E b
I
C 2 |+ I j\ g
il 1 1
g y A~ - S—
i —— I S
g-

515049484746454443424.140393.83.73.63.53433323.13.029282726252423222120191.81.71.61.51.4131.21.11.00.90.80.70.60.50.4
X : parts per Million : Proton

08

07

fegto iy o
N3 a a o H
a
OH

06

04

CHCl, a

01 0.

abundance
0

7.0 6.0 5.0 4.0 3.0 2.0 1.0 0
X : parts per Million : Proton

Single_pulse

104
C
1T . A (/a\/o M a o\}
o 3 o a 4 0 R
b
7 o
. HN g
[o}
N 4
d
d d
’ d
2 a
d DMSO
| N
04 A — AN L —~AN — L
12 1 10 5 i 7 5 3 z i [) 1 2
1 (ppm)

Figure 3.2 'H-NMR spectra of polymers. a) 'H-NMR spectrum of PEG-PEEGE. 89 units of
EEGE were added. b) 'TH-NMR spectrum of PEG-PG. Deprotection was confirmed ¢) 'H-NMR

spectrum of PEG-PG(Phe). The conjugation rate of Phe was calculated to be around 89%.
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To assess the toxicity of the polymer, CCK-8 cytotoxicity measurements were conducted.
After 24 hours of incubation at several concentrations of polymer, the cytotoxicity remained
low, even at very high concentrations of 0.4 mg/mL (Figure 3.3a). The polymer concentration
in micelles among injections is intended to be around 0.23 mg/mL, and will be diluted once it

enters the body, suggesting that the risk of cytotoxity of N3-PEG-PG(Phe) will be low.

Furthermore, the detachment of Phe (Figure 3.3b) was inspected, highlighting the
biodegradable nature of the ester bonds in the N3-PEG-PG(Phe) polymer. Concentrated,
cationic charges disperse with Phe detachment, further supporting the low toxicity of the
system. Besides the essential amino acid Phe, the other degradation product, PEG-PG, is also
highly biocompatible (Gosecki et al. 2016; Thomas, Miiller, and Frey 2014; Kainthan et al.
2006), highlighting the safety of our polymeric nanocarrier. A similar conclusion was drawn in
a recent study comparing degradable block copolymers conjugated with tyrosine, leucine, and
glycine with PEG-poly(L-lysine) (PLL). In this study, PLL without the hydrolyzable ester
bonds displayed low cell viability, while the viability of cells incubated with ester-conjugated

polymers remained high (Yang, Miyazaki, et al. 2023).
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Figure 3.3 In vitro assessment of a) cell viability of HEK-293 cells after 24 h incubation with
N3-PEG-PG(Phe) at various concentrations and b) biodegradability of N3-PEG-PG(Phe). The
polymer was dialyzed against water and the detachment of Phe from the polymer was measured

via UV-VIS at several time points. Data are presented as the mean+ S.D. (n=3)
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The ability of N3-PEG-PG(Phe) to condense various mRNA generated in the previous
chapter into micelles was assessed by mixing the polymer with RNA at different
amine/phosphate (N/P) ratios. Figure 3.4a shows the DLS measurement of Phe(m)
encapsulating commercial Fluc-mRNA at various N/P mixing ratios. The polymer was able to
form micelles at various mixing ratios. As seen in Figure 3.4a,b, the micelle size decreased
with increasing N/P ratio. This suggests a more condense particle, likely due to increased Phe-
conjugated polymers forming a core with mRNA. At N/P = 6, the micelles had a diameter of
around 55 nm and polydispersity index (PDI) of around 0.18, suggesting compact and
monodisperse particle formation. The zeta potential at this mixing ratio was neutral, which is
desirable to prevent off-targeting and protein corona formation in biological environments.
This is one of the reasons why many systems employ a shielding moiety such as PEG in their

mRNA delivery systems.

Anti-CD19 CAR mRNA, which was synthesized according to the previous chapter, was
used to form Phe(m) at different N/P ratios and characterized by DLS to demonstrate the ability
of N3-PEG-PG(Phe) to encapsulate a variety of mRNAs Figure 3.4c. The spectrum revealed
that N/P ratio of 4 makes micelles with a size of 66 nm and a PDI of 0.238, N/P ratio of 6 makes
micelles with a size of 60 nm and a PDI of 0.178, and N/P ratio of 8 makes micelles with a size
of 59 nm and a PDI of 0.206. This indicates that highly monodisperse micelles are formed with

anti-CD19 CAR mRNA at N/P ratio of 6.
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Figure 3.4 DLS and zeta potential measurements of Phe(m) with various mRNAs. a) DLS
measurements of Phe(m) encapsulating Fluc mRNA at various N/P ratios. b) The size and zeta
potential of Phe(m) encapsulating Fluc mRNA. ¢) Phe(m) encapsulating anti-CD19 mRNA at

several N/P ratios. d) Phe(m) encapsulating CXCR4-tGFP mRNA at several N/P ratios

CXCR4-tGFP mRNA, which was synthesized according to the previous chapter, and also
used to form Phe(m) at different N/P ratios and characterized by DLS Figure 3.4d. The
spectrum revealed that the formation of micelles at an N/P ratio of 4 is poor with an average
size of 66 nm and a PDI of 0.332. This might be caused by incomplete encapsulation of mRNA
by the polymer, or micelle aggregation leading to bigger structures and polydispersity at this
N/P ratio. N/P ratio of 6 makes micelles with a size of 46 nm and a PDI of 0.167, and N/P ratio
of 8 makes micelles with a size of 50 nm and a PDI of 0.178. This indicates that highly
monodisperse micelles are formed with anti-CD19 CAR mRNA at N/P ratio of 6. Interestingly
at an N/P ratio of 8, the micelle formation was poor compared to the other N/P ratios, which

has not been observed with the other mRNAs At this mRNA size, the amount of polymer might
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exceed the amount capable to fully encapsulate the mRNA leading to aggregations and

polydispersity due to interactions of free polymer.

Overall N/P ratio of 6 has been optimal for the formation of condense and monodisperse
micelles for various mRNAs including mRNAs encoding reporter proteins, as well as

therapeutic mRNAs such as antiCD19 CAR mRNA and CXCR4-tGFP mRNA.

The number of mRNA molecules per micelles has been determined by FCS
measurements. Phe(m) with varying N/P ratios were produced using Cy5-labeled mRNA. The
counts per free mRNA and micelles are shown in Table 3.1. By dividing the counts per micelle

through the counts per free mRNA, the number of mRNA per micelle was determined.

Table 3.1 FCS results of micelles encapsulating Cy5-labeled mRNA.

Sample Counts per molecule [kHz] = mRNA/Phe(m)  Phe(m)/1 pg mRNA
Free mRNA 11.608

N/P=2 23.563 2.03 4.74x101

N/P=4 16.198 1.40 6.89x10!!

N/P=6 13.165 1.13 8.54x10!"

N/P=28 11.168 0.96 1.00x10'2

At an N/P ratio of 2, approximately 2 mRNA molecules are encapsulated within the
micelles. With increasing N/P ratio, the amount of encapsulated mRNA decreases, until it
reaches 1 at N/P = 8. This correlates with the decreasing size of the micelles observed in Figure

3.4, where higher N/P ratios correlated to more condensed micelles.

The association number of polymers per micelle was determined by calculating the
number of polymers associated with micelles and dividing it by the total number of micelles.
The total number of micelles in a micelle solution containing 1 pg Fluc mRNA is shown in

Table 3.2. It was calculated by dividing the number of mRNA in 1 pg Fluc mRNA by the
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number of mRNA molecules per micelle (Table 3.1). To determine the number of associated
polymers in the micelle solutions, micelles with Fluc mRNA at a concentration of 3.3 ug/mL
mRNA were made and the free polymer was collected from the filtrate after ultrafiltration. The
concentration of free polymer was determined by measuring the fluorescence intensity with a
picroplate reader after it was labeled with fluorescamine for 1 hour. A concentration curve of
N3-PEG-PG(Phe) labeled with fluorescamine was prepared and the concentration of each

micelle solution was determined to be around 0.037 mg/mL (Figure 3.5).
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Figure 3.5 concentration curve of N3-PEG-PG(Phe) labeled with fluorescamine measured with
a microplate reader. The fluorescence intensity of the free polymer after ultrafiltration was 1521

which correlates to 0.0037 mg/mL.

By subtracting the concentration of free polymer from the concentration of polymer
added to each N/P ratio, the number of polymers associated with mRNA micelles per pg was
calculated (Table 3.2). Also, by dividing the number of polymers associated by the number of

micelles, the number of polymers per micelle was determined.
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Table 3.2 The number of micelles per 1 pg mRNA determined by FCS. The number of Ns-
PEG-PG(Phe) polymers per I pg mRNA calculated by the total amount minus the free polymer

determined by a microplate reader. The number of N3-PEG-PG(Phe) polymer per Phe(m)

Sample Phe(m)/1 pg mRNA Polymer/1 pg mRNA  Polymer/micelle
N/P=2 4.74x10" 2.47x101 52.0
N/P=4 6.89x10!! 7.22x1013 104.9
N/P=6 8.54x10"! 1.20x10' 140.3
N/P=8 1.00x10"? 1.67x10 166.5

The number of polymers per micelle increases steadily up to N/P ratio of 6, where
approximately 140 polymers form one micelle. Considering there is approximately one mRNA
in each micelle (Table 3.1) this correlates to 1929 phosphates per micelle. With approximately
140 polymers associated, and each polymer bearing 79 units of Phe, the total number of amines
per micelle would be around 11,060 which is a N/P ratio of around 5.7, which is close to the
estimated ratio. At the mixing ratio of N/P 8, the number of polymers associated correlated to
an N/P ratio of 6.8 instead of 8. This suggests, that the number of associated polymers per
micelle doesn’t increase linearly and a saturation of polymers is most likely accomplished
around the N/P ratio of 6. Beyond this N/P ratio, most of the additional polymer will likely not

be associated with the mRNA.

Next, Phe(m) were characterized by TEM at two different N/P ratios to characterize the
particles. As expected, Particles mixed at a lower N/P ratio have a less uniform and larger
morphology than particles mixed at a N/P ratio of 6 (Figure 3.6), which also displayed
condense, homogeneous particles during DLS measurements. The histogram confirms the
average size of nanoparticles formed at N/P = 6 is smaller and more homogeneous than at N/P

= 2. It is likely, that the mixing ratio of N/P = 2 does not adequately encapsulate mRNA
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condense in its core. This further manifests N/P ratio of 6 to form suitable micelles and this

formulation will be used for further experiments.
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Figure 3.6 TEM images and histogram of Phe(m) at N/P ratio = 2 and N/P ratio = 6.

Micelle stability plays a crucial role in the successful in vivo application. The ability of
the polymer to protect the mRNA from attack by anion exchange reactions was investigated.
FCS analysis revealed that anion exchange started from a sulfate/phosphate (S/P) ratio of 2,
but remained intact even at a very high S/P ratio of 4, which indicates a high stability of Phe(m)
against anion exchange in biological environments (Figure 3.7). Compared to Phe(m) micelles
formed from glycine-conjugated polymer, Phe(m) were able to protect mRNA more effectively.
This enhanced stability of micelles incorporating polymers bearing side chains of amino acids
engaging in m-m interactions has been recently reported and is in alignment with the results

(Mixich et al. 2024; Yang, Miyazaki, et al. 2023).
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Figure 3.7 Stability against anion exchange of Phe(m) at N/P ratio 6 and Gly(m) at N/P ratio

3 determined by FCS. The diffusion coefficient of free mRNA is marked as dotted line.

The pKa of the polymer was investigated, as ionizable polymers have demonstrated the
ability to destabilize endosomal membranes, promoting endosome escape (Smith et al. 2019;
Schmaljohann 2006; Kongkatigumjorn et al. 2018). The escape of the endosome and release to
the cytoplasm is necessary for mRNA to be translated, therefore it is in important aspect of
mRNA delivery systems. Figure 3.8a shows N3-PEG-PG(Phe)’s degree of protonation against
pH, determined by titration. The pKa of N3-PEG-PG(Phe) was further found to be around 5.95
(Figure 3.8b), which indicated less than 10% of the primary amines in the polymer are in a
protonated state at pH 7.4. However, at the endosomal pH of 5.5 the charge of primary amines
greatly increases to more than 85% of protonation. Overall, the pKa value of N3-PEG-PG(Phe)

indicates its potential to induce pH-dependent membrane disruption at endosomal pH.

To confirm this hypothesis an endosome escape experiment was performed. The ability
of Phe(m) to deliver mRNA inside cells and escape the endosome was assessed by CLSM.
BxPC-3 cells were incubated with Phe(m) loading Cy5-labeled mRNA and measured at

different time points. Before each measurement, the nucleus was stained with DAPI and the
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endo/lysosomes stained with LysoTracker-Green. Yellow pixels represent co-localization.

After a 4-hour incubation period, the internalized mRNA was predominantly located
within the endosomes of the cells, as indicated by an average colocalization coefficient of 0.75
(Figure 3.8c). Subsequently, at 8 hours and 24 hours, there was a gradual reduction in the
colocalization of mRNA with the endosomes, reaching a colocalization coefficient of
approximately 0.24 after 24 hours. These results provide evidence for the capacity of Phe(m)
to facilitate the delivery of mRNA into the cytosol of cells, implying the existence of an

endosomal escape mechanism.

The ability of the ionizable N3-PEG-PG(Phe) to disrupt endosomal membranes at
endosomal pH was further investigated by an LDH assay, simulating endosome membranes at
neutral pH and endosomal pH. Indeed, N3-PEG-PG(Phe) caused high LDH leakage at
endosomal pH after 15 minutes in cells (Figure 3.8d). At pH 7.4 on the other hand, hardly any
LDH leakage was detectable suggesting that there was little membrane disruption. This
correlates with the low cytotoxicity observed at pH 7.4 in Figure 3.3a. Overall, these
observations indicate that N3-PEG-PG(Phe) induces a strong pH-dependent membrane
disruption at endosomal pH. This further highlights the great potential of N3-PEG-PG(Phe) for

enhancing the endosomal escape or mRNA.
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Figure 3.8 a) Titration curve of N3-PEG-PG(Phe) and the derivative titration curve (delta pH)
of N3-PEG-PG(Phe). b) Degree of protonation (a) plotted against the pH determined by
titration. pKa at o = 0.5 is 5.95. c¢) Fluorescent confocal LSM images of HeLa cells transfected
by Phe(m) loading Cy5-mRNA after 4 hours, 8 hours and 24 hours. Blue: DAPI; Green:
Lysotracker, Red: mRNA; Yellow: colocalization of Lysotracker and mRNA. d) Colocalization
coefficients of mRNA and endosomes at several time points. Data are presented as the
mean = S.D. (n =20 cells). Statistical analysis via two-sided unpaired t-test (* p <0.05, ** p <
0.01, *** p <0.001, **** p <(0.0001). e) LDH leakage in response to the incubation with Ns-
PEG-PG(Phe) in HeLa cells in at pH 7.4 and the endosomal pH 5.5. Data are presented as the

mean + S.D. (n = 3).
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Finally, the ability of Phe(m) to effectively transfect cells and express reporter proteins
in vitro was confirmed by transfecting HEK-293 and RAW 264.7 cells with mRNA
encapsulating Gluc mRNA. Phe(m) resulted in robust protein expression several magnitudes
above the naked mRNA group (Figure 3.9a,b). Furthermore, the transfections were performed
in cell culture media containing RNase-rich fetal bovine serum (FBS). Reports of 7 interactions
of the aromatic residues of RNase (Duh et al. 2015) raised the concern of RNase being
associated with the Phe-containing micelle cores. However, Phe(m) are formed in RNase-free
conditions, which prohibits RNase from being associated in the micelle’s core with the mRNA.
After the formation was complete, this data suggests that mRNA can be protected in the core
to a degree that allows for strong protein expression in cells. This is in agreement with previous
reports from our group, which showed increased protection from enzymatic attacks and anion
exchange. (Yang, Miyazaki, et al. 2023; Mixich et al. 2024) This suggests that the increase of
protection of the compactly condensed cores of Phe(m) effectively hinders RNase from
associating with mRNA compared to cores without aromatic side chains. This is promising for

implementing this system for the transfection of immune cells and for in vivo applications.
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Figure 3.9 Expression of Gluc in supernatant measured by luminometer in a) HEK-293 cells
after 48 hours and b) RAW 264.7 cells after 24 hours. Cells were seeded in 96-well plates and
transfected with 200 ng Gluc mRNA . Data are presented as the mean + S.D. (n = 3). Statistical

analysis via two-sided unpaired t-test (* p < 0.05, ** p <0.01, *** p <0.001)
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3.4 Conclusion

The synthesis and characterization of a novel flexible block ionomer based on a
poly(glycidyl) backbone modified with phenylalanine amino acid for the delivery of various
mRNAs was performed. The polymer was designed with specific features including a terminal
azide group for surface modifications, a PEG block for improved stability and shielding, and
phenylalanine amino acids in the side chain for increased complexation with RNA cargo and

enhanced endosomal escape

The polymer was then used to condense various mRNAs into Phe(m) micelles using the
designed with N3-PEG-PG(Phe) polymer. The resulting micelles exhibited small diameters of
approximately 50 nm and narrow size distributions with low polydispersity index (PDI) at the
optimal N/P ratio of 6. Furthermore, the micelles displayed a neutral surface charge and
uniform, condensed cores with approximately 1 mRNA molecule associated with
140 polymers. Stability analysis against anion exchange demonstrated successful protection of

mRNA by condensation with N3-PEG-PG(Phe).

The pH-responsive properties of the polymer were investigated. The pKa of the polymer
was determined to be 5.95, falling within the effective range for increased endosomal escape.
Additionally, the phenylalanine amino acid in the polymer induced a pH-responsive membrane
disruption and Phe(m) achieved robust endosomal escape of mRNA in vitro. This membrane
disruptive effect was shown to be specific at endosomal pH, as evidenced by LDH leakage and
CCK-8 cytotoxicity studies, which revealed high membrane damage at pH 5.5 but minimal
disruption at pH 7.4.Finally, Phe(m)’s capabilities to successfully deliver and translate mRNA
in vitro, leading to enhanced reporter protein expression, was demonstrated. This highlights the
potential of Phe(m) to be used for the transfection of immune cells and for further in vivo

applications.
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Chapter 4.

Ligand Installation and Characterization of PIC Micelles
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4.1 Introduction

Ligand-installed nanocarriers leverage the affinity between ligands and receptors for
targeted drug delivery. These interactions can facilitate the delivery of mRNA to specific cells
or tissues, and enhance cellular uptake through receptor-mediated endocytosis (Yang, Mixich,
et al. 2023). The mRNA delivery to T cells is challenging, highlighting the importance of
targeted delivery via ligands. CDS is a protein expressed on cytotoxic T cell surfaces and is an
attractive target for directing nanoparticles to T cells. Anti-CD8 Fab’ antibody fragments are
especially promising targeting ligands, due to their small size and missing Fc region, which
helps to avoid size-dependent clearance and immune response to the ligand (Mi, Cabral, and

Kataoka 2020b).

mRNA uptake in macrophages can be enhanced by targeting ligands targeting mannose
receptors on their surface (Lane et al. 1998; White et al. 2006; Ni, Singh, and Wang 2002;
Thalla et al. 2020). Previous research underscores the potential of mannose targeting ligands
for the targeted delivery of therapeutic agents to macrophages and dendritic cells (Fukuda,

Mochizuki, and Sakurai 2015). This makes mannose an attractive targeting ligand.

In this chapter, we explore the properties of polymeric PIC micelles formed with the
phenylalanine-modified block ionomer and mRNA with various targeting ligands attached to
their surfaces. Anti-CD8-Fab’ ligands were chosen to deliver mRNA to T cells. Mannose was
chosen as a ligand to deliver mRNA to macrophages. First, the anti-CD8 Fab’ fragment was
synthesized from the full antibody and attached to the surface of Phe(m) micelles to form
Phe(m)-Fab’. They were characterized by DLS and the integrity of the micelle after the addition
of Fab’ was confirmed. The number of Fab’ on the surface was determined by fluorescence
correlation spectroscopy (FCS) measurements at different Fab’ concentrations to determine the

optimal feeding ratio and to confirm the installation of Fab’.

61



Next, the targeted delivery of mRNA by Phe(m)-Fab’ to CD8" T cells was studied and
the ability to induce robust protein expression in T cells using reporter proteins was
investigated. Finally, macrophages were targeted by replacing the Fab’ targeting ligand on the
micelles with mannose creating Phe(m)-Man. The micelles were characterized, the mRNA
delivery to macrophages assessed, and the protein expression between micelles bearing

different concentrations of targeting ligand compared.
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4.2 Materials and methods
4.2.1 Materials

Dulbecco’s Modified Eagle’s Medium (DMEM), Dynabeads™ FlowComp™,
Dynabeads™ Mouse T-Activator CD3/CD28, 1 M HEPES buffer pH 7.4, 8-well chambered
borosilicate cover glasses, Gibco Sodium Pyruvate - 100 mM, Gibco MEM Non-Essential
Amino Acids, DAPI (4’°,6-diamidino-2-phenylindole), Penicillin-Streptomycin, and RBC lysis
buffer were purchased from Thermo Fisher Scientific (Waltham, MA, U.S.A). Maleimide-
PEG4-DBCO was purchased from BroadPharm (San Diego, CA, U.S.A).
Ethylenediaminetetraacetic acid (EDTA) Buffer pH 8.0 was purchased from Takara Bio (Shiga,
Japan). Interleukin (IL)-2, IL-7 and IL-15 were purchased from ProSpec-Tany TechnoGene
Ltd. (Rehovot, Israel). Alexa Fluor488-NHS was purchased from Sigma-Aldrich (St. Louis,
MO, U.S.A.). RPMI 1640 was purchased from Nacalai tesque, Inc. (Kyoto, Japan). Trans-
Blot® TurboTM Transfer Pack, Lammli sample buffer, Tris/Glycine/SDS buffer, and Mini-
PROTEAN TGX Gels (4-20 %, 15-well comb, 15 uL. were purchased from Bio-Rad (Hercules,
CA, U.S.A.). Recombinant Mouse CDS alpha protein(Fc Chimera), anti-human IgG1(HRP),
and Prism Ultra Protein Ladder were purchased from Abcam Inc. (Cambridge, United
Kingdom). 2-Mercaptoethanol, DTT: DL-Dithiothreito, and CBB R-250: Coomassie Brilliant
Blue R-250 were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Cy5
Label IT Nucleic acid labeling kit was obtained from Mirus Bio (Madison, W1, U.S.A.). Sulfo-
Cy5-NHS was purchased from Funakoshi Co., Ltd. (Tokyo, Japan). PTFE filters (0.22 pm)
were purchased from Merck KGaA (Darmstadt, Germany). RC Dialysis tubes MWCO: 3,500
Da were obtained from Repligen (Waltham, MA, U.S.A.). Renilla Luciferase Assay and
Luciferase Assay was purchased from Promega (Madison, WI, USA). Hoechst 33342 and
DAPI solutions were purchased from Dojindo Laboratories (Kumamoto, Japan). 96-well plates

were purchased from Corning Inc. (Corning, NY, USA). SephadexTM 200 increase and the
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ECL Western Blotting detection reagents were purchased from Cytiva (Marlborough, MA,
U.S.A.). Lipofectamine MessengerMAX was obtained from Invitrogen (Waltham, MA,
U.S.A.). Ammonium bicarbonate, V8 Protease, 10x Tris-buffered saline (TBS), and methanol
were purchased from Fujifilm Wako (Osaka, Japan). Dimethylsulfoxide-d6 + 0.05% TMS
(DMSO-d6) was purchased from Cambridge Isotope Laboratories, Inc. (Massachusetts, USA).
MojoSort™ was purchased from BioLegend (San Diego, CA, U.S.A.). JeetMESSENGER was

purchased from Polyplus-transfection (Illkirch-Graffenstaden, France).

4.2.2 Cell culture

HEK-293 cells were obtained from RIKEN Cell Bank (Tsukuba, Japan). RAW 264.7
cells were obtained from DS Pharma Biomedical Japan (Osaka, Japan). HEK293 and
RAW.264.7 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-
Aldrich, St. Louis, MO, USA) with 4500 mg/l glucose, L-glutamine, sodium pyruvate, and
sodium bicarbonate supplemented with 10% FBS and 1% PS in a humidified incubator at 37 °C
and 5% CO2. T cells were cultured in complete RPMI 1640 supplemented with 1% heat
inactivated FBS, 0.1% PS, sodium pyruvate, NEAA, HEPES 15 mM, and 2-mercaptoethanol,

IL-2 (50 U/mL), IL-7, (20 U/mL) and IL-15 (20 U/mL).

4.2.3 Mouse CDS8" T cell extraction and activation

The spleen of 10-week-old Balb/c or C57BL/6 mice were harvested and homogenized to
single cell suspensions in 10 mL complete RPMI using the back of a 1 mL syringe and a 70
um cell strainer. The suspension was centrifuged at 300xg for 5 minutes at 4 °C. Then the
supernatant was carefully removed and the pellet was resuspended in 5 mL 1x RBC lysis buffer
per spleen. After 4 minutes 25 mL isolation buffer was added and the solution was centrifuged
at 300xg for 5 minutes at 4 °C. The supernatant was carefully removed and the pellet was
resuspended in isolation buffer at 1x107 cells per 100 uL. Then, CD8" mouse t cells were

extracted using MojoSort™ Mouse CD8 T Cell Isolation Kit following the kit’s instructions.
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The resulting t cells were cultured in 24 well plates at 5x10° cells per mL in 2 mL complete
RPMI supplemented with 50 U/mL IL-2 and 25 U/mL IL7 and IL-15. After extraction, washed
Dynabeads™ Mouse T-Activator CD3/CD28 for T-Cell Expansion and Activation were added
to the wells in a ratio of 1:1 (cells:beads) according to the manufacturer’s instructions and the

T cells were incubated in a humidified incubator at 37 °C and 5% COa-.

4.2.4 Synthesis of DBCO-anti-CD8 Fab’

Anti-CD8 Fab’ was prepared according to Figure 4.1.

V8 protease DTT

ﬁﬁ

F(ab’), Fab’
IgG

Figure 4.1 Preparation scheme of of Fab’ from IgG

Anti-CD8 antibody was dialyzed against ammonium bicarbonate (100 mM) for 24 hours
at 4 °C, concentrated via ultrafiltration (MWCO = 10 kDa), and diluted to 10 mg/mL. Next,
V8 protease (0.333 mg/mL) in ammonium bicarbonate (100 mM) was mixed with the antibody
solution 1:1 and incubated for 18 hours using a thermo shaker (35 °C, 650 rpm). After the
digestion was complete, an excess of cold water was added to stop the reaction and SSD-PAGE
using an Amersham Imager (Cytiva, Marlborough, USA) to capture the images was conducted
to confirm the digestion to F(ab')2. After preparing F(ab')2, the sample was purified by GPC

using AKTApurifier (column: SephadexTM 200 increase).

To reduce the antibody and generate Fab', DL-Dithiothreitol (DTT) was added to
ammonium bicarbonate (10 mM) in a concentration of 0.5 mmol/L. Subsequently, 100 uL. of a
0.5 mg/mL F(ab")2 sample was mixed with an equal volume of DTT solution and allowed to

react at 37 °C for 30 minutes. Following the reaction, the solution was transferred to a dialysis
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membrane (MWCO = 3500) to remove unreacted DTT. Dialysis was performed against
ammonium bicarbonate (10 mM)overnight. Fab' was characterized by SDS-PAGE. Finally, the
Fab' was concentrated using ultrafiltration (MWCO = 10000), and the concentration was

determined using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific)

Finally, 5 equivalents of maleimide-PEG4-DBCO (100 pg/mLin DMF) were added to a
Fab’ solution (0.5 mg/mL) and reacted at room temperature for 2 hours under shaking to
synthesize Fab’-DBCO. The product was dialyzed against 10 mM HEPES (pH 7.4) MWCO
= 3500) to remove unreacted maleimide-PEG4+-DBCO. The concentration of the obtained

solution was measured using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher

Scientific, Waltham, MA, USA).

4.2.5 Preparation of Phe(m)-Fab’

Micelles containing mRNA were produced through self-assembly by mixing diluted
polymer solution with mRNA solution. A 1 mg/ml stock solution of polymer was prepared by
dissolving N3-PEG-PG(Phe) in 10 mM sodium acetate (pH 4.5) buffer and filtering the
solution through a 0.22 um filter to remove debris. The polymer solution was then diluted with
sodium acetate (pH 4.5) buffer to the desired concentration. mRNA solutions were prepared by
diluting mRNA in 10 mM HEPES (pH 7.4) buffer to appropriate concentrations for the required
amine/phosphate (N/P) ratios and mixed with the polymer solutions in a 1.5 ml hypertube by
placing the mRNA solution in the bottom of the tube and the polymer solution on the wall of
the tube and vortexing briefly. The resulting Phe(m) micelles were allowed to equilibrate on
ice for 30 minutes. Then 10 (n/n)% anti-CD8-Fab’-PEG4-DBCO was added to the solution and
gently mixed. The solution was wrapped in Al-foil, and frozen overnight at -30 °C. It was then
slowly thawed over several hours the next day at 4 °C, to allow anti-CD8-Fab’-PEG4-DBCO

to react with the polymer’s azide end groups to form Phe(m)-Fab’.

4.2.6 Characterization via dynamic light scattering
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Particle size distribution was characterized by dynamic light scattering (DLS) using a
Zetasizer Nano ZS (Malvern Panalytical, Malvern, UK). Micelle solution was diluted to
20 ng/uL RNA concentration in 10 mM HEPES (pH 7.4) buffer and transferred to a low-
volume quartz cuvette. Measurements were performed at 25 °C with a 50 mW frequency
doubled DPSS Nd:YAG laser (A=532 nm) at a detection angle of 173°. Hydrodynamic

diameters and polydispersity indices were calculated according to the cumulant method.

4.2.7 Fluorescent labeling of nucleic acids

mRNA were fluorescently labeled with a Label IT Nucleic acid labeling kit following the
manufacturer’s instructions. Cy5-labeled mRNAs were purified using EtOH precipitation. The
final concentration of the labeled mRNA was determined by using a NanoDrop ND-1000

spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA)

4.2.8 Characterization via fluorescence correlation spectroscopy

Anti-CD8-Fab’-PEG4-DBCO was labeled with sulfo-Cy5-NHS according to the
manufacturer’s instructions. Free sulfo-Cy5-NHS was removed by dialysis using a dialysis
membrane with a molecular weight cutoff (MWCO) of 100 kDa. Micelles with varying Cy5-
labeled Fab’ loading ratios of 0%, 1%, 5%, 10%, and 20% were prepared as described
previously. The resulting micelles, along with Cy5-labeled Fab’ as a control, were measured
via fluorescence correlation spectroscopy (FCS) using an LSM780 confocal microscope
equipped with ConfoCor3 and a 40X water objective at room temperature. Cy5-labeled free
mRNA and micelles were detected using a HeNe laser at 633 nm. By analyzing the Cy5-labeled
Fab' and micelle counts per molecule, the number of Fab' molecules bound per micelle was

calculated.

4.2.9 Cellular uptake in mouse CD8" T cells
Mouse CD8" T cells were extracted, activated, and cultured as described above. After

activation overnight, the activation beads were removed with a magnet, and the activated T
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cells were transferred to 24 well plates at 5x10° cells per well in 1 mL complete RPMI
supplemented with 50 U/mL IL-2 and 25 U/mL IL7 and IL-15. Anti-CDS8 antibody was added
to one well in a concentration of 0.01 mg/mL and incubated for 30 minutes to block free CD8
on the T cells. Then, the cells were transfected using 3 nug Cy5-labled mRNA by adding naked
mRNA, Phe(m), or Phe(m)-Fab’ prepared as described earlier, and with Lipofectamine
MessengerMAX prepared according to the manufacturer’s instructions. T cells incubated with
anti-CD8 antibody were also transfected using Phe(m)-Fab’ to investigate the inhibition of the
Fab’ targeting ligand. After 6 h, 5 uL DAPI were added to each well and the cells were
incubated for 30 min to stain the nucleus. Then, the T cells were collected and centrifuged at
400xg for 10 minutes at 4 °C. The T cells were washed with PBS to remove free Phe(m)-Fab’,
Cy5-labled mRNA, and DAPI. The cells were centrifuged again, the D-PBS was removed, and
the cells were resuspended in 50 pL mounting solution. The solution was transferred to glass
slides for CLSM measurements using an LSM 780 CLSM (Karl Zeiss, Oberkochen, Germany)
(Cy5 Ex/Em: 633/697 nm, DAPI Ex/Em: 405/452 nm). The cellular uptake was quantified

using Zen software (Karl Zeiss).

4.2.10 Cellular uptake in mouse splenocytes

The spleen of 10 weeks old C57BL/6 mice were harvested and homogenized to single
cell suspensions in 10 mL complete RPMI using the back of a I mL syringe and a 70 pm cell
strainer. The suspension was centrifuged at 300xg for 5 minutes at 4 °C. Then the supernatant
was carefully removed and the pellet was resuspended in 5 mL 1x RBC lysis buffer per spleen.
After 4 minutes 25 mL isolation buffer was added and the solution was centrifuged at 300xg
for 5 minutes at 4 °C. The supernatant was carefully removed and the pellet of splenocytes was
resuspended in complete RPMI supplemented with 50 U/mL IL-2 at a concentration of
2.7x10° cells/mL. Then, 3 mL containing 8x10° splenocyted were transferred to a 6 well plate
and incubated in a humidified incubator at 37 °C and 5% CO2. Cy5-labeled mRNA containing
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Phe(m) and Phe(m)-Fab’ with 10% Fab’ (n/n)% (Fab’/N3) were prepared as described earlier,
frozen overnight at -30 °C, and thawed at 4 °C to be used for the transfection experiment.
Micelles containing 3 pg Cy5-labeled mRNA were added to the wells. 3 pg naked CyS5-labeled
mRNA was added as a negative control, and 3 pg Cy5-labeled mRNA formulated with
JetMESSENGER (Polyplus) following the manufacturer’s instructions was added as a positive
control. After 2.5 hours and 5 hours of incubation, splenocytes were separated into two groups.
CD8" T cells were extracted from one group using MojoSort™ Mouse CD8 T Cell Isolation
Kit following the kit’s instructions. CD8- cells were extracted from the other group using a
Dynabeads™ FlowComp™ Mouse CD8 Kit following the kit’s instructions by collecting the
supernatant from the final extraction step. The nuclei of the cells were stained with DAPI for
30 minutes, then the cells were centrifuged at 400xg for 10 minutes and washed with D-PBS
to remove the remaining micelles, free Cy5-labled mRNA, and DAPI. The cells were
centrifuged again, the D-PBS was removed, and the cells were resuspended in 50 pL mounting
solution. The solution was transferred to glass slides for CLSM measurements using an LSM
780 CLSM (Karl Zeiss, Oberkochen, Germany) (Cy5 Ex/Em: 633/697 nm, DAPI Ex/Em:

405/452 nm). The cellular uptake was quantified using Zen software (Karl Zeiss).

4.2.11 In vitro transfection of mouse CD8" T cells

Mouse CD8* T cells were extracted, activated, and cultured as described previously.
After 24 hours of activation, the activation beads were removed, and 5x10° T cells were seeded
in white 96-well plates in 100 uL complete RPMI supplemented with 50 U/mL IL-2 and
25 U/mL IL7 and IL-15. mRNA containing Phe(m) and Phe(m)-Fab’ with 10% Fab’ (n/n)%
(Fab’/N3) were prepared as described earlier, frozen overnight at -30 °C, and thawed at 4 °C to
be used for the transfection experiment. Anti-CD8 antibody was added to five wells containing
T cells in a concentration of 0.01 mg/mL and incubated for 30 minutes to block free CD8 on

the T cells. The 96 well plate was centrifuged at 400xg for 10 minutes, and the T cell medium
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was carefully removed and replaced by 50 uL Opti-MEM. Then Phe(m) and Phe(m)-Fab’
micelles containing 300 ng Fluc encoding mRNA were added. 300 ng naked mRNA was added
as a negative control and 300 ng Fluc mRNA with jetMESSENGER was added as a positive
control. Phe(m)-Fab’ micelles containing 300 ng mRNA were added to the wells that were
treated with anti-CD8 antibody to assess the transfection inhibition of blocked CDS. After
30 minutes of incubation, the T cell medium that was removed was added back to the wells

they were removed from, and the cells were incubated in a humidified incubator at 37 °C and

5% CO2 for 24 h

In a separate plate, Phe(m)-Fab’ encapsulating Gluc mRNA were added to wells
containing activated CD8" T cells at various concentrations. Gluc mRNA encapsulated by
Lipofectamine Messenger MAX or jetMESSENGER were added at the same concentrations
to different wells. After 24 hours, 50 uL of the supernatant of Gluc transfected T cells was
transferred to a white 96 well well plate. The luminescence was measured using a GloMax 96
automated microplate luminometer (Promega, Madison, WI, USA) injecting 100 pL Renilla
Luciferase assay reagent and integrating for 10 seconds. Measurements were corrected for

background luminescence by measuring before the injection of the assay reagent

The 96 well plate containing Fluc transfected T cells was centrifuged at 400xg for
10 minutes and the medium was replaced with 50 pL 1x cell lysis buffer and the cells were
incubated for 30 minutes to ensure complete cell lysis. The luminescence was measured using
a GloMax 96 automated microplate luminometer (Promega, Madison, WI, USA) injecting
100 pL Luciferase assay reagent and integrating for 10 seconds. Measurements were corrected

for background luminescence by measuring before the injection of the assay reagent.

4.2.12 Synthesis of Man-PEG-PG(Phe)
Mannose was added to N3-PEG-PG(Phe) via click-reaction using mannose-alkyne.

80 mg (0.003 mmol) N3-PEG-PG(Phe) was dissolved in 2 mL CH>CL. 7.7 mg (0.03 mmol)
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Propargyl a-D-mannopyranoside was added and the solution was stirred at room temperature.
2 mL solution containing 1.1 mg Cul (0.2 equ. to alkyl), 1.6 mg DIPEA (0.4 equ. to alkyl) and
0.7 mg HOAc (0.4 equ. to alkyl) in CH>Cl> was prepared and 200 uL. were added to the
polymer solution. The mixture was stirred at room temperature for 2 hours and then transferred
into a dialysis tube (MWCO = 10 kDA). The product was dialyzed against CH>Cl> 3 times and
the solvent was removed using a rotary evaporator. Man-PEG-PG(Phe) was collected in water,
dried by freeze-drying, and analyzed by an ECS-400 'H-NMR spectrometer (400 MHz; JEOL,

Tokyo, Japan) at 80 °C in DMSO-d6 (10 mg/mL).

4.2.13 Preparation of Phe(m)-Man

To form Phe(m)-Man micelles, Man-PEG-PG(Phe) and N3;-PEG-PG(Phe) were
dissolved in RNase free acetate buffer pH 4.5 (10 mmol) at a concentration of 1 mg/mL. Then,
the solutions were filtered using a 0.22 um filter, and a 1:1 mixture ( Man-PEG-PG(Phe) 50%)
was prepared resulting in 3 polymer solutions with various Man-concentrations (0%, 50%,
100%). Polymer solutions were diluted in 10 mM sodium acetate (pH 4.5) buffer to appropriate
concentrations for the amine/phosphate (N/P) ratio 6, and mixed in a 1.5 ml microcentrifuge
tube by placing mRNA solution in 10 mM HEPES (pH 7.4) to the bottom of the tube and the
polymer solution on the wall of the tube and vortexing briefly. The micelles were allowed to
equilibrate on ice for 30 minutes and then characterized via dynamic light scattering using a

Zetasizer Nano ZS (Malvern Panalytical, Malvern, UK) as described above.

4.2.14 Cellular uptake of in RAW 264.7 cells

To assess the cellular uptake of mRNA in RAW 264.7 cells, Phe(m)-Man with various
mannose concentrations containing Cy5-labled mRNA were incubated with RAW 264.7 cells.
3x10* RAW 264.7 cells were seeded in 8 well chambers and incubated overnight in a
humidified incubator at 37 °C and 5% CO2. Phe(m)-Man with various mannose concentrations

(0%, 50%, 100%) containing Cy5-labled mRNA were prepared as described above. Then,
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micelles containing 600 ng Cy5-labeled mRNA were added to the cells. 600 ng naked Cy5-
labeled mRNA was added to one chamber as a negative control. After 8 h incubation in the
incubator, the cells were washed and stained for 10 minutes with a Hoechst 33342 solution
(1:100 in D-PBS; Dojindo Laboratories, Kumamoto, Japan). Finally, cells were washed with
D- PBS and fixed with 4% paraformaldehyde (Fujifilm Wako, Osaka, Japan) for 10 minutes.
Fluorescence imaging was performed using an LSM 780 CLSM (Karl Zeiss, Oberkochen,
Germany) (Cy5 Ex/Em: 633/697 nm, Hoechst Ex/Em: 405/452 nm). Cellular uptake was

quantified using Zen software (Karl Zeiss).

4.2.15 In vitro transfection of macrophages

mRNA expression in macrophages was assessed by transfecting 264.7 cells with mRNA
encoding Fluc and measuring the luminescence. RAW 264.7 cells were seeded overnight in
white 96-well plates at a density of 1x10* cells per well. Cells were transfected with 300 ng
mRNA encoding Fluc by adding Phe(m)-Man micelles with mannose ligand concentrations of
0%, 50% and 100%. Additionally, 300 ng naked mRNA was added as a negative control. After
24 hours, the cells were washed with D-PBS and 40 pL 1x cell lysis buffer was added to each
well. After 30 minutes of incubation time, the luminescence was measured using a GloMax 96
automated microplate luminometer (Promega, Madison, WI, USA) injecting 100 pl luciferase
assay reagent (Promega) and integrating for 10 seconds. Measurements were corrected for

background luminescence by measuring before the injection of the assay reagent.
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4.3 Results and discussion

The anti-CD8 Fab’ antibody fragment was prepared as described above (Figure 4.1).
After the reduction of F(ab’), to Fab’ by DTT, SDS-PAGE was performed to confirm the
success of the reaction (Figure 4.2a). The single band around the size of 48 kDa on the right
side indicates the successful reduction to Fab’ without any remaining F(ab’). To confirm the
ability of the Fab’ to bind to CD8, a Western blot was performed. Both, the full anti-CDS8 IgG,
as well as the anti-CD8 Fab’ was successfully binding to CD8 (Figure 4.2b). The line of Fab’
was fainter than that of its IgG, suggesting a slightly decreased binding affinity. These results
confirm the successful synthesis of anti-CD8 Fab’, which will further be used as a targeting

ligand on micelles after DBCO conjugation.
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Figure 4.2 Characterization of Fab’. a) SDS-PAGE of anti-CD8 F(ab’), and anti-CD8 Fab’. b)

Western blot analysis of full anti-CD8 IgG and Fab’ fragment.

Phe(m)-Fab’ micelles loading mRNA were prepared as described above using
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different %(n/n) of DBCO-Fab’. 0%-20% of Fab’ were used and attached via click reaction
and characterized by DLS (Figure 4.3a,b). The size and the zeta potential stay mostly
unchanged, despite the addition of Fab’ on the micelle’s surface. This suggests that the micelle
morphology or surface interactions of Phe(m)-Fab’ can be expected to be similar to that of
Phe(m). Also, the micelle did not break during the freeze-thawing process, but remained intact,

which supports the high stability of the micelle.
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Figure 4.3 Phe(m)-Fab’ characterization of micelles with different Fab’ %(n/n). a) shows the
DLS and b) shows the zeta potential of the micelles with the corresponding particle sized

determined by DLS.

The confirmation of Fab’ addition to the surface of micelles was investigated through
FCS measurements using labeled Fab’ and labeled mRNA. The results of the FCS
measurements are presented in Table 4.1. The data indicates that the number of Fab'
modifications to micelles increased as the loading ratio increased until 10 %(n/n). When
comparing the attachment after addition of 10% (n/n) and 20% (n/n), there was no additional
Fab’ detected, with the maximum number of Fab’ around 2.2 per micelle (Figure 4.4). This
suggests that the optimal amount of Fab’ attachment to the micelles is achieved at a loading

ratio of around 10% using these conditions.
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Table 4.1 FCS measurement results of Phe(m)-Fab’

Sample Fab’ [%] Counts [kHz] Diffusion time [ms] Fab’ attachment
Fab’ 1.82 304
Phe(m)-Fab’ 0 0.00 0 0.0
1 2.38 2310 1.3
5 3.20 2246 1.8
10 3.95 2217 2.2
20 4.05 2185 2.2
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Fab’ addition [%(n/n)]
Figure 4.4 The number of attached Fab’ per micelle at various Fab’ %(n/n) additions. The
number of Fab’ on the surface increases up to 2.2 Fab’/micelle by the addition of 10 %(n/n)

after which no additional Fab’ was attached.

Considering that the number of polymers per micelle was calculated to be around 140,
that means 14 Fab’ per micelle were added to the solution and most of the Fab’ remains free
and is not installed at the micelle’s surface. Strategies to increase the Fab’ attachment might be
worth exploring as ligand density is a crucial factor in targeted delivery systems (Mi, Cabral,
and Kataoka 2020b). Further exploring DBCO linkers with different PEG spacers, or

optimizing reaction conditions, might affect the total number of Fab’ attached to the micelle’s
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surface (S. Chen et al. 2017). Another possible influence of the number of Fab’ is that the
cleanup of the micelle solution via dialysis prior to FCS measurement might affect the micelle.
This cleanup procedure is usually not implemented in the Phe(m)-Fab’ preparation to reduce

the steps of the formation protocol and to keep external influences on the micelle at a minimum.

The effect of Fab’ on Phe(m)-Fab was evaluated by measuring the cellular uptake of Cy5-
labeled mRNA in CD8" primary mouse T cells transfected in various conditions. The results of
the CLSM measurements are shown in Figure 4.5a,b. Compared to naked mRNA or Phe(m),
Phe(m)-Fab’ had high cellular uptake, similar to that of T cells transfected with Lipofectamine.
This suggests that targeted delivery to T cells is supported by the addition of anti-CD8 Fab’ on
the micelle’s surface. This is further supported by the inhibition of cellular uptake after CD8

on the surface of the T cells was blocked by anti-CD8 antibodies.
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Figure 4.5 In vitro assessment of targeted mRNA delivery of Phe(m)-Fab’ to primary CD8" T
cells. A) CLSM images of T cells after treatment with naked Cy5-labeled mRNA, Cy5-labeled
mRNA in Phe(m), Phe(m)’, Phe(m)-Fab’ with T cells after blocking free CD8 on the T cell
surface, or lipofectamine. B) mean intensities of Cy5 in T cells based on CLSM images. Data
is presented as the mean + S.D. (n = 20). Statistical analysis via two-sided unpaired t-test (* p
<0.05, ** p<0.01, *** p <0.001, ****p <0.0001)
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To demonstrate the targeted delivery of mRNA in the presence of other cells, splenocytes
were transfected with micelles with or without targeting ligand, and the cellular uptake of Cy5-
labeled mRNA in CD8" T cells and CD8" splenocytes was analyzed via confocal laser scanning
microscopy (CLSM). The results revealed differential cellular uptake patterns in the two cell

types based on the delivery system used (Figure 4.6a,b).

In CDS§" splenocytes, Phe(m) and jetMESSENGER exhibited the highest cellular uptake
of Cy5-labeled mRNA, indicating efficient non-targeted delivery. Conversely, in CD8" T cells,
Phe(m)-Fab’ and jetMESSENGER outperformed the other groups in terms of mRNA delivery.
These findings suggest the non-specific nature of jetMESSENGER, as it demonstrated high
uptake in both CD8" T cells and CD8- splenocytes. The targeted delivery of mRNA is crucial
for the in situ generation of modified immune cells. Off-target transfection may lead to the
accumulation of cancer cells in transfected regions, potentially resulting from the local
expression of cancer antigen receptors or cancer-attracting chemokine receptors. Therefore, the
selective transfection of T cells by Phe(m)-Fab’, even in the presence of other CD8 cells, holds

promise for its potential implementation in immunotherapy.

Furthermore, it was observed that Phe(m)-Fab’ performed similarly in delivering mRNA
to CD8" T cells; however, in contrast to jetMESSENGER, it resulted in minimal transfection
of CD8& cells. This indicates a targeted delivery approach by Phe(m)-Fab’ specifically to CD8*
T cells. The results also demonstrate that there was no significant difference between the uptake
at 2.5 hours and 5 hours, which suggests rapid uptake of the system occurs within the initial
2.5 hours. Rapid uptake is crucial to allow for sufficient mRNA delivery before particle
degradation in vivo. This, together with the targeted delivery Phe(m)-Fab’ demonstrated,

highlights the potential of the system for in situ applications targeting T cells.
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Figure 4.6 In vitro assessment of targeted mRNA delivery of Phe(m)-Fab’ to CD8" splenocytes
and CD8" T cells. a) CLSM images of cells after treatment with naked Cy5-labeled mRNA,
Cy5-labeled mRNA in Phe(m), Phe(m)’, Phe(m)-Fab’ or jetMESSENGER after 2.5 hours
incubation. b) Mean intensities of Cy5 in CD8" T cells and CDS§ splenocytes after 2.5 and

5 hours incubation time based on CLSM images. Data is presented as the mean+ S.D. (n = 20).

Primary CD8" T cells were transfected with 300 ng Fluc mRNA to confirm the translation

of proteins in T cells using naked mRNA and micelles. The results indicated that Phe(m)’
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generated enhanced protein expression in T cells compared to the other groups (Figure 4.7a)
However, when antibodies blocked the CD8 on T cells before transfection, the transfection was
inhibited. Similarly, Phe(m) micelles without any targeting ligand were unable to produce
robust protein expression. This suggests that the targeting ligand on the surface of the micelles

successfully facilitated cellular uptake and expression of mRNA in T cells in vitro.
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Figure 4.7 Expression of reporter proteins in primary CD8" cells. a) Expression of Fluc
measured by luminometer after 24 hours in primary CD8" T cells. Cells were transfected with
300 ng Fluc encoding mRNA and data are presented as the mean+ S.D. (n = 4). Statistical

analysis via two-sided unpaired t-test (* p < 0.05, ** p < 0.01, *** p <0.001). b) Expression
79



of Gluc in primary CD8" T cells measured by luminometer after 24 hours incubation with
different mRNA amounts. Data are presented as the mean+ S.D. (n = 4). Statistical analysis

via two-sided unpaired t-test (* p < 0.05, ** p < 0.01, *** p <0.001)

In another transfection experiment Phe(m)Fab’ was compared to Lipofectamine
MessengerMAX and jetMESSENGER at different mRNA concentrations using Gluc mRNA
as areporter protein (Figure 4.7b). In this experiment, jetMESSENGER outperformed Phe(m)-
Fab’ in both concentrations. However, no significant difference in expression levels between

Lipofectamine and Phe(m)-Fab’ was observed at a low mRNA dose of 50 pg.

Lipofectamine MessengerMAX is a commercial transfecting reagent and is very
effective in transfecting cells in vitro. It is based on a phospholipid and forms liposomes with
mRNA, and is designed for in vitro transfections. Phe(m)-Fab’ was able to generate comparable
protein expression to the commercial transfecting reagent at low doses, which is impressive, as
Lipofectamine generally acts as a positive control in transfection studies, and lipid-based

nanoparticles are commonly used for mRNA delivery systems.

JetMESSENGER is another commercial transfecting reagent based on a polymeric linear
polyethylenimine (PEI) derivative. It is interesting to note that the polymeric transfection
reagent outperformed the ionizable lipid formulation in transfecting T cells. In a comparison
with Phe(m)-Fab’, jetMESSENGER did result in higher protein expression in vitro with CD8*
T cells in all mRNA concentrations. However, these experiments do not reflect realistic
conditions during in vivo administration, and conclusions about the effectiveness of in situ
treatments based on these comparisons are not sufficient. For example, our system was able to
outperform jetMESSENGER in other important aspects, such as the specificity to deliver
mRNA to T cells (Figure 4.6a,b). Also, Lipofectamine and jetPEI based reagents are associated

with cytotoxicity (T. Wang et al. 2018), whereas our system did not show toxicity (Figure 3.3a).
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Overall these in vitro assessments demonstrated great potential for targeted mRNA
delivery to T cells by Phe(m)-Fab’. The micelles specifically delivered mRNA and enhanced
the expression of reporter protein in T cells, highlighting the potential of anti-CDS8 Fab’ as a

targeting ligand on Phe(m) to modify T cells in vivo.

Macrophages hold great potential for cancer immunotherapy. They exist in large numbers,
and compared to T cells, can infiltrate solid tumors more effectively. Also, while tumor-
associated M2 macrophages suppress the activity of other immune cells, they themselves do
not lose their phagocytic capacity and are less affected by the immunosuppressive environment
in the TME (Pan et al. 2022). As a proof of concept, and to demonstrate the versatility of this
delivery system, the targeting ligand was changed from anti-CD8 Fab’ to mannose to target

immune cells like macrophages with this system.

The targeting ligand was attached to the polymer before micelle assembly via click
reaction. The reaction was successful and the conjugation of mannose to the polymer was

determined to be close to 100 % by 'H-NMR (Figure 4.8)
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Figure 4.8 'H-NMR spectrum of Man-PEG-PG(Phe). The conjugation rate of mannose to the

polymer was close to 100 %.
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This polymer was used in conjunction with unconjugated N3-PEG-PG(Phe) to form Phe(m)-
Man micelles with mRNA at various % of mannose on the micelle’s surface. Phe(m)-Man was
characterized by DLS (Figure 4.9). The DLS analysis revealed that nanosized micelles with
compact size and monodisperse distribution were formed at N/P ratio 6 for all measured
Phe(m)-Man. Phe(m)-Man 0% resulted in 55 nm micelles with a PDI of 0.11, Phe(m)-Man 50%
resulted in 53 nm micelles with a PDI of 0.10, and Phe(m)-Man 100% resulted in 51 nm
micelles with a PDI of 0.08. These are in alignment with Phe(m) and Phe(m)-Fab’ suggesting

successful micelle formation even when different ligands are attached.
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Figure 4.9 DLS measurements of Phe(m)-Man at different mannose targeting ligand

concentrations.

The ability to deliver mRNA to macrophages, and the impact of mannose’ on Phe(m)-
Man was evaluated by measuring the cellular uptake of Cy5-labeled mRNA in RAW 264.7
macrophage cells transfected with micelles bearing various mannose concentrations. Figure
4.10a shows CLSM images after RAW 264.7 cells were incubated with Phe(m)-Man
containing Cy5-labeled mRNA for 8 hours. The results indicated a concentration-dependent
increase in mRNA uptake with the highest uptake observed in cells incubated with Phe(m)-
Man 100%. The uptake is quantified in Figure 4.10b and suggests that the addition of mannose
on the nanoparticle increases the delivery of mRNA to macrophages.

To further prove this hypothesis, RAW 264.7 cells were transfected with Phe(m)-Man of
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various mannose concentrations, and the reporter protein expression was measured. The
protein expression in RAW 264.7 cells was found to increase with increasing mannose
modification of the micelle, with the highest expression observed in the micelle with 100%

mannose, several times higher than Phe(m) without any targeting ligand.
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Figure 4.10 In vitro assessment of targeted mRNA delivery of Phe(m)-Man RAW 264.7
macrophage cells. a) CLSM images of RAW 264.7 cells after 8 hours of treatment with Cy5-
labeled mRNA in Phe(m)-Man 0%, Phe(m)-Man 50% or Phe(m)-Man 100% with RAW 264.7
cells. b) mean intensities of Cy5 in T cells based on CLSM images. Data is presented as the
mean = S.D. (n = 20). Statistical analysis via two-sided unpaired t-test (* p <0.05, ** p <0.01,
*¥% p <0.001, ****p <0.0001). c) Expression of Fluc measured by luminometer after 24 hours
in RAW 264.7 cells treated with different micelles or naked mRNA. Cells were transfected
with 300 ng Fluc encoding mRNA and data are presented as the mean + S.D. (n = 5) Statistical

analysis via two-sided unpaired t-test (* p < 0.05, ** p <0.01, *** p <0.001, ****p < (0.0001)
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Furthermore, the ability to customize the targeting ligand for different immune cell types
underscores the versatility and potential clinical utility of the delivery system. This aligns with
the principles of personalized medicine and targeted therapeutics, where the ability to tailor the
delivery system to specific immune cell populations can significantly enhance its effectiveness

in diverse therapeutic applications.
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4.4 Conclusion

Anti-CD8 Fab’ targeting ligands were successfully digested from full antibodies and
attached successfully via click reaction to the surface of Phe(m)-Fab’. DLS measurements of
Phe(m)-Fab’ at N/P ratio of 6 using various Fab’ %(n/n) revealed minimal impact on the
micelle’s size or surface charge after Fab’ installation. The optimal feeding ratio of Fab’ was

determined to be 10 %(n/n) with an attachment of 2 Fab’ per micelle

The attachment of anti-CD8 Fab’ targeting ligands significantly improved the uptake of
Cy5-mRNA in cytotoxic T cells mediated by the interactions with CD8 on the T cells surface.
This was demonstrated by the reduced uptake of mRNA when CDS on the T cell’s surface was
blocked by anti-CD8 antibodies before incubation with Phe(m)-Fab’. This effect was
reproduced in transfection experiments, where Phe(m)-Fab’ specifically enhanced the
expression of reporter protein in T cells. Impressively, targeted uptake in T cells by the Fab’
targeting ligand was also observed when whole splenocytes were transfected with Phe(m)-Fab’

suggesting specific delivery of mRNA to T cells, even in the presence of other splenocytes.

To demonstrate the versatility of this system micelles with mannose instead of Fab’ as a
targeting ligand were successfully prepared and Phe(m)-Man at N/P = 6 with varying mannose
conjugations were characterized by DLS. It was revealed that Phe(m)-Man forms condense,
monodisperse micelles at mannose concentrations of 0 %, 50 % and 100 %. Phe(m)-Man
demonstrated targeted delivery and enhanced uptake in the macrophage cell line RAW 264.7.
Mannose ligand attachment on the micelle further resulted in enhanced protein expression of

reporter protein in vitro in RAW 264.7 cells.

This highlights the ability of Fab’ to induce targeted delivery of mRNA to T cells and is
promising for the implementation of Phe(m)-Fab’ to generate T cells with chimeric receptors
for enhanced cancer therapy. The versatility of this system is underscored by the enhanced

transfection of macrophages by replacing Fab’ with mannose targeting ligands.
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Chapter 5.

Biological Evaluation
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5.1 Introduction

The success of in situ cell therapy depends on the generation of functional cancer-
targeting T cells. This chapter investigates the potential of Phe(m)-Fab’ to engineer T cells by
delivering functional mRNA resulting in the transient expression of cancer-targeting proteins
on T cells. Experiments will be conducted with the goal in mind to develop an off-the-shelf

treatment for the transient generation of modified T cells in vivo.

First, the expression of anti-CD19 CAR protein and CXCR4-tGFP protein from their
respective IVT synthesized mRNA will be investigated and the generation of modified T cells
using Phe(m)-Fab’ will be confirmed. The expression of mRNA over time will also be
investigated to confirm the transient expression of the protein on T cells engineered by mRNA.
Next, the efficacy of the engineered T cells to target and fight cancer cells will be assessed.
Anti-CD19 CAR T cells will be generated using Phe(m)-Fab’ and the ability to kill cancer cells
expressing CD19 will be assessed. To generate T cells with enhanced penetration into solid
tumors, the migration of CXCR4 T cells transfected by Phe(m)-Fab’ towards 4T1 cancer cells
will also be investigated in an invasion assay. Finally, the expression of protein in vivo will be
investigated. First, the in vivo expression of the reporter protein Fluc and the functional

CXCR4-tGFP mRNA in 4T1 tumor-bearing mice.
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5.2  Materials and methods
5.2.1 Materials

Sodium acetate buffer pH 4.5, 4% paraformaldehyde, and Dulbecco's Phosphate-
Buffered Saline (D-PBS) were purchased from Fujifilm Wako Pure Chemical, Co., Inc. (Osaka,
Japan). Dynabeads™ FlowComp™, Dynabeads™ Mouse T-Activator CD3/CD28, Dulbecco’s
Modified Eagle’s Medium (DMEM), Penicillin-Streptomycin, 1 M HEPES buffer pH 7.4, 8-
well chambered borosilicate cover glasses, Gibco Sodium Pyruvate - 100 mM, Gibco MEM
Non-Essential Amino Acids, DAPI (4’°,6-diamidino-2-phenylindole), and RBC lysis buffer
were purchased from Thermo Fisher Scientific (Waltham, MA, U.S.A). BD Tumor
Dissociation Reagent was purchased from Beckton, Dickson and Company BD Biosciences
(San Jose, CA, U.S.A.) Ethylenediaminetetraacetic acid (EDTA) Buffer pH 8.0 was purchased
from Takara Bio (Shiga, Japan). Interleukin (IL)-2, IL-7 and IL-15 were purchased from
ProSpec-Tany TechnoGene Ltd. (Rehovot, Israel). Alexa Fluor488-NHS was purchased from
Sigma-Aldrich (St. Louis, MO, U.S.A.). RPMI 1640 was purchased from Nacalai tesque, Inc.
(Kyoto, Japan). 2-Mercaptoethanol was purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan). Cy5 Label IT Nucleic acid labeling kit was purchased from Mirus Bio
(Madison, WI, U.S.A.). PTFE filters (0.22 um) were purchased from Merck KGaA (Darmstadt,
Germany). RC Dialysis tubes MWCO: 3,500 Da were obtained from Repligen (Waltham, MA,
U.S.A). Corning® BioCoat™ Matrigel® Invasion Chamber, 8.0 um PET Membrane for 24-
well plates, and well plates were purchased from Corning Inc. (Corning, NY, USA). Fetal
bovine serum (FBS) was purchased from Cytiva (Marlborough, MA, U.S.A.). Hoechst 33342
solution was purchased from Dojindo Laboratories (Kumamoto, Japan). MojoSort™ and all
labeled antibodies were purchased from BioLegend (San Diego, CA, U.S.A)).
JetMESSENGER was purchased from Polyplus-transfection (Illkirch-Graftenstaden, France).

Lipofectamine MessengerMAX was purchased from Invitrogen (Waltham, MA, U.S.A.).
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5.2.2 Cell culture

A20, 4T1, and RAW 264.7, T cells were obtained from DS Pharma Biomedical Japan
(Osaka, Japan), 4T1-HA cells were kindly gifted from Mr. Pengwen Chen and Human
embryonic kidney 293 (HEK-293) cells from RIKEN Cell Bank (Tsukuba, Japan). HEK293
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich, St. Louis,
MO, USA) with 4500 mg/I glucose, L-glutamine, sodium pyruvate, and sodium bicarbonate
supplemented with 10% FBS and 1% PS. A20 were cultured in RPMI 1640 medium
supplemented with 10% FBS and 1% PS. Suspended and attached cells were used for passages.
4T1 and 4T1-HA were cultured in RPMI 1640 medium supplemented with 10% FBS and 1%
PS. T cells were cultured in complete RPMI 1640 supplemented with 1% heat inactivated FBS,
0.1% PS, sodium pyruvate, NEAA, HEPES 15 mM, and 2-mercaptoethanol, IL-2 (50 U/mL),
IL-7, (20 U/mL) and IL-15 (20 U/mL).All cells were cultured in a humidified incubator at

37 °C and 5% CO2.

5.2.3 Animal experiments

All animal experiments were conducted according to the Guidelines for the Care and Use
of Laboratory Animals and with the approval of the Animal Experiment Committee of the
University of Tokyo. 7-week-old or 12 weeks old female BALB/c or C57BL/6 mice were
purchased from Jackson Laboratory Japan (Yokohama, Japan) and kept in a climate-controlled

animal facility with a 12-hour light cycle and provided food and water ad libitum.

5.2.4 Expression of CAR and CXCR4 mRNA in RAW 264.7 cells

To confirm the functionality of CXCR4 and CAR mRNA, RAW 264.7 cells were
transfected with CXCR4-GFP encoding mRNA using Lipofectamine MessengerMAX and
characterized by CLSM measurements. 8-well chambers were seeded with 3x10* RAW 264.7
cells and incubated in a humidified incubator at 37 °C and 5% CO2 overnight. The cells were

transfected using 300 ng CXCR4-tGFP or anti-CD19 CAR mRNA formulated with
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Lipofectamine MessengerMAX. After incubation overnight, the cells were washed and stained
for 10 minutes with a DAPI solution (1:100 in D-PBS). Then, the medium of T cells transfected
with CAR mRNA was replaced with 100 uL of D-PBS containing FITC-conjugated CD19-
protein to attach to anti-CD19 CAR T cells. After 40 minutes of incubation time, the cells were
washed with D-PBS two times and finally resuspended in 50 uL mounting solution and
transferred to glass slides. The slides were measured using an LSM 780 CLSM (Karl Zeiss,

Oberkochen, Germany) (DAPI Ex/Em: 405/452 nm, FITC/tGFP Ex/Em: 488/561 nm)

5.2.5 Expression of anti-CD19 CAR mRNA in mouse CD8" T cells

To assess the generation of anti-CD19 CAR T cells, mouse CD8" T cells were transfected
with anti-CD19 CAR mRNA and characterized by CLSM. Mouse CD8" T cells were extracted,
activated, and cultured as described earlier. After 24 h, the activation beads were removed, and
the T cells were seeded in a 24-well plate at a density of 3.5x10° cells/well in 1 mL complete
RPMI supplemented with 50 U/mL IL-2 and 25 U/mL IL7 and IL-15. Anti-CD19 CAR
encoding mRNA containing Phe(m) and Phe(m)-Fab’ with 10% Fab’ (n/n)% (Fab’/N3) were
prepared as described earlier, frozen overnight at -30 °C, and thawed at 4 °C to be used for the
transfection experiment. Phe(m) and Phe(m)-Fab’ micelles containing 3 pg mRNA were added
to the cells respectively. 3 pg naked mRNA was added as a negative control and the plate was
incubated in a humidified incubator at 37 °C and 5% CO2 for 24 hours. The cells were collected
in 1.5 mL tubes, and centrifuged at 400xg for 10 minutes. Then, the medium was replaced with
100 pL of D-PBS containing FITC-conjugated CD19-protein to attach to anti-CD19 CAR T
cells and DAPI to stain the nucleus. After 40 minutes of incubation time, the cells were washed
with D-PBS two times to remove any free FITC-conjugated CD19-protein and DAPI, and
finally resuspended in 50 uL. mounting solution and transferred to glass slides. The slides were
measured using an LSM 780 CLSM (Karl Zeiss, Oberkochen, Germany) (DAPI Ex/Em:
405/452 nm, FITC Ex/Em: 488/561 nm). The amount of FITC-conjugated CD19-protein on
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the cell surface was quantified using Zen software (Karl Zeiss).

5.2.6 Expression profile of anti-CD19 CAR mRNA

The expression time of anti-CD19 CAR on T cells was observed. Mouse CD8" T cells
were extracted, activated, cultured, and transfected with jetMESSENGER encapsulating anti-
CD19 CAR mRNA as described above. The expression of CAR was measured after staining
the nucleus and the CAR by using an LSM 780 CLSM (Karl Zeiss, Oberkochen, Germany)
(DAPI Ex/Em: 405/452 nm, tGFP Ex/Em: 488/561 nm) as described above at several time

points over 6 days.

5.2.7 Killing assay of anti-CD19 CAR T cells

5x10% adherent A20 cells were seeded in 50 pL medium in transparent 96-well plates and
incubated overnight. Mouse CD8" T cells were extracted, activated and cutured for 24 hours
as described above. Then, they were transfected with anti-CD19 CAR mRNA using Phe(m),
Phe(m)-Fab’, naked mRNA, or jetMESSENGER as described above and incubated for another
24 hours. 2x10* transfected T cells in 100 mL complete RPMI supplemented with 50 U/mL IL-
2, and 25 U/mL IL-7 and IL-15 were added to the wells with A20 cells. After 30 hours of
incubation time, the supernatant was removed and the remaining A20 cells were characterized
by CCK-8 assay following the manufacturer’s protocol. Absorption at 450 nm was measured

using an Infinite M200 microplate reader (Tecan, Ménnendorf, Switzerland).

5.2.8 Expression of CXCR4-tGFP mRNA in mouse CD8" T cells

To assess the generation of CXCR4-tGFP T cells, mouse CD8" T cells were transfected
with CXCR4-tGFP mRNA and characterized by CLSM. Mouse CD8" T cells were extracted,
activated, and cultured as described earlier. After 24 h, the activation beads were removed, and
the T cells were seeded in a 24-well plate at a density of 3.5x10° cells/well in 1 mL complete
RPMI supplemented with 50 U/mL IL-2 and 25 U/mL IL7 and IL-15. CXCR4-tGFP encoding

mRNA containing Phe(m)-Fab’ with 10% Fab’ (n/n)% (Fab’/N3) were prepared as described
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earlier, frozen overnight at -30 °C, and thawed at 4 °C to be used for the transfection
experiment. Phe(m)-Fab’ micelles containing 3 ng mRNA were added to the cells respectively.
3 ng naked mRNA was added as a negative control, and 3 pg mRNA in jetMESSENGER were
added as a positive control, and the plate was incubated in a humidified incubator at 37 °C and
5% CO?2 for 24 hours. The cells were collected in 1.5 mL tubes, and centrifuged at 400xg for
10 minutes. Then, DAPI solution was added to stain the nucleus. After 15 minutes of
incubation time, the cells were washed with D-PBS and finally resuspended in 50 uL mounting
solution and transferred to glass slides. The slides were measured using an LSM 780 CLSM
(Karl Zeiss, Oberkochen, Germany) (DAPI Ex/Em: 405/452 nm, tGFP Ex/Em: 488/561 nm).

The mean intensity of tGFP on the cell surface was quantified using Zen software (Karl Zeiss).

5.2.9 Expression profile of CXCR4-tGFP mRNA

The expression time of CXCR4-tGFP on T cells was observed. Mouse CD8" T cells were
extracted, activated, cultured, and transfected with jetMESSENGER encapsulating CXCR4-
tGFP mRNA as described above. The expression of CXCR4-tGFP was measured after staining
the nucleus using an LSM 780 CLSM (Karl Zeiss, Oberkochen, Germany) (DAPI Ex/Em:

405/452 nm, tGFP Ex/Em: 488/561 nm) as described above at several time points over 6 days.

5.2.10Invasion assay of CXCR4 T cells

The migration and invasion of CXCR4 T cells towards CXCL12 expressing 4T1 cancer
cells was assessed by invasion assay. 3x10* viable 4T1 cells were seeded on the bottom of a
24-well plate and incubated overnight. On the next day, the medium was replaced to complete
RPMI supplemented with 50 U/mL IL-2 and 25 U/mL IL7 and IL-15. Then, Corning®
BioCoat™ Matrigel® Invasion Chambers, 8.0 um containing 1 mL complete RPMI
supplemented with 50 U/mL IL-2 and 25 U/mL IL7 and IL-15 with 2.5x10* mouse CD8" T
cells was added to the wells. The T cells were extracted, activated, cultured, and transfected

with CXCR4-tGFP mRNA as described before. To transfect the T cells, naked mRNA, Phe(m),
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Phe(m)-Fab’ or Lipofectamine MessengerMAX was used. The chambers were incubated for
24 hours to allow the T cells to migrate through the Matrigel. Then, the number of T cells in

the supernatant of the bottom well was counted using a hemocytometer.

5.2.11 Invivo luciferase expression

In vivo reporter protein expression was assessed by subcutaneous injection of Fluc-
mRNA-loaded micelles in mice bearing 4T1-HA tumors. Phe(m) or Phe(m)-Fab’ encapsulating
mRNA encoding for Fluc were prepared at N/P = 6 and injected intratumoral at the 4T1-HA
tumor site at a dose of 5 g mRNA per mouse. As a negative control, the same amount of naked
mRNA was administered in the same way. Luciferase expression was measured by injecting
200 pL VivoGlo Luciferin solution (15 mg/ml in D-PBS; Promega, Madison, WI, USA)
intravenously, and imaging luminescence in an IVIS imaging system (PerkinElmer, Waltham,

MA, USA) for 10 seconds under anesthesia with isoflurane.

5.2.12 VIS of in situ generated CXCR4-tGFP" cells

The expression of CXCR4 in vivo was investigated by IVIS measurements. 13 weeks old
BALB/c mice were inoculated subcutaneously with 0.5x10° viable 4T1 cells close to the breast.
When tumors were established, mice were randomized, and Phe(m)-Fab’ or Phe(m) containing
5 pg of CXCR4-tGFP mRNA was injected subcutaneously. Naked mRNA was injected in the
same way as a negative control. After 30 hours, the tGFP expression was measured using an
IVIS imaging system (PerkinElmer, Waltham, MA, USA) for 10 seconds under anesthesia with

1soflurane.

5.2.13 Flow cytometry of in situ generated CXCR4-tGFP* cells in organs

The expression of CXCR4 in vivo was investigated. BALB/c mice were inoculated
subcutaneously with 0.5x103 viable 4T1 cells close to the breast. When subcutaneous tumors
were established, mice were randomized, and Phe(m), Phe(m)-Fab’ containing 5 pg of

CXCR4-tGFP mRNA was injected subcutaneously. Naked mRNA was injected in the same
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way as a negative control. mRNA formulated with in-vivo jetPEI according to the
manufacturer’s instructions was injected in the same way as a positive control. After 24 hours,
the mice were sacrificed and spleen, lymph nodes, and tumor were collected. Tumors were
digested with a BD Tumor Dissociation Reagent (Beckton, Dickson and Company BD
Biosciences San Jose, CA, U.S.A.) and homogenized to a single-cell suspension. Red blood
cells were lysed using RBC lysis buffer according to the manufacturer’s instructions. Spleen
and lymph nodes were homogenized to a single cell suspension and the red blood cells of spleen
were lysed using RBC lysis buffer. Then, 1x10° of each cell type was resuspended, in 100 uL
isolation buffer and the Fc receptors on the cell’s surface were blocked for 40 minutes at 4 °C.
After washing the cells with isolation buffer two times, a cocktail containing anti-CD45-APC
antibody and anti-CD8-PE antibody in isolation buffer was added and the cells were incubated
for 40 minutes. Finally, the cells were washed with isolation buffer two times and transferred
to a FACS tube through the cell strainer. The cells were analyzed by flow cytometry using a

BD FACSAria™ III Cell Sorter (BD Bioscience, Franklin Lakes, NJ, USA).
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5.3 Results and discussion

The generation of chimeric immune cells using synthesized anti-CD19 CAR mRNA and
CXCR4-tGFP mRNA was confirmed through a series of transfection experiments. RAW 264.7
cells were transfected with Lipofectamine MessengerMAX to introduce the synthesized
mRNA into the cells. The expression of the proteins was subsequently confirmed using CLSM.
Following the transfection of anti-CD19 CAR mRNA, the cells were stained with CD19 protein
conjugated with FITC to visualize the expression of anti-CD19 CAR on the cell surface
(Figure 5.1a). The presence of anti-CD19 CAR was confirmed by the FITC signal of CD19
protein attached to the cell’s surface. Additionally, the expression of CXCR4-tGFP was
confirmed by the visualization of tGFP on the cell’s surface (Figure 5.1b). These results
provide evidence that the synthesized mRNAs are capable of producing anti-CD19 CAR and

CXCR4 modified immune cells.

To test the ability of Phe(m)-Fab’ to generate anti-CD19 CAR T cells, primary cytotoxic
CD8" mouse T cells were transfected with anti-CD19 CAR mRNA using Phe(m) or Phe(m)-
Fab’. The expression of CAR was confirmed by staining the cells with CD19-FITC protein.
Figure 5.2a,b shows the successful generation of anti-CD19 CAR T cells indicated by the
increased binding of CD19-FITC to their surface. While Phe(m)-Fab’ can generate CAR T cells,
Phe(m) without targeting ligand expresses significantly lower anti-CD19 CAR proteins on the

surface, highlighting the importance of the Fab’ targeting ligands to transfect T cells.
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Figure 5.1 CLSM images 24 hours after in vitro transfection with a) anti-CD19 CAR mRNA
and b) CXCR4-tGFP mRNA in RAW 264.7 cells using Lipofectamine MessengerMAX as a

transfecting reagent.
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Figure 5.2 Expression of anti-CD19 CAR protein on the surface of CD8" T cells detected by
CLSM. a) CLSM images of T cells after incubation with naked mRNA, Phe(m), or Phe(m)’ for
24 hours. b) Mean intensity of FITC on T cells after transfection of anti-CD19 CAR mRNA
and staining with CD19-FITC protein cells based on CLSM measurements. Data is presented
as the mean + S.D. (n = 20). Statistical analysis via two-sided unpaired t-test (* p < 0.05, ** p

<0.01, *** p < 0.001, ****p < 0.0001)

The duration of protein expression is a crucial factor in RNA-based technologies.
Therefore, the expression of anti-CD19 CAR on primary cytotoxic CD8" mouse T cells has
been monitored over several days using jetMESSENGER transfecting reagent and anti-CD19
CAR mRNA. At several time points the expression of CAR was measured using CLSM after

staining the cells with DAPI solution and CD19-FITC protein (Figure 5.3)
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Figure 5.3 Expression profile of anti-CD19 CAR on primary cytotoxic CD8" T cells over
several days. a) CLSM images of cytotoxic CD8" T cells after transfection with antiCD19-
CAR mRNA. CAR was stained with CD19-FITC. b) The mean intensity of FITC on T cells
after transfection with anti-CD19 CAR mRNA and staining with CD19-FITC protein based on

CLSM measurements. Data is presented as the mean+ S.D. (n = 20).

As expected with mRNA delivery systems, CAR protein expression lasts for several days
after transfection, with a maximum after 24 hours. A similar expression profile of CARs on T
cells generated by mRNA has been reported by other groups (Y. Zhao et al. 2010; Neha N.
Parayath and Stephan 2021) which provides valuable information about the timing of eventual
booster administrations for clinical applications. The data suggests that boosters to maintain a
high number of CAR T cells may be effective when administered several days after the initial

treatment, as the expression of CAR proteins has significantly decreased at that point.
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The cytotoxic potential of in vitro generated anti-CD19 chimeric antigen receptor (CAR)
T cells against A20 cells, a mouse lymphoma cell line overexpressing CD19. Following the
generation of CAR T cells, they were co-incubated with A20 cells for 24 hours. Subsequently,
the viability of the A20 cells was assessed using the CCK-8 kit (Figure 5.4). The results were
then normalized to a control group in which untreated CD8* T cells were added to the A20
cells. The findings revealed that CAR T cells transfected with Phe(m)-Fab’ exhibited a reduced
number of viable A20 cells compared to the control group. This observation suggests that the
CAR T cells effectively targeted and eliminated a greater proportion of A20 cells compared to
both regular T cells and CAR T cells transfected with Phe(m) lacking the targeting ligand.
Consequently, these results indicate the potential efficacy of Phe(m)-Fab in enhancing the
cytotoxic activity of CAR T cells, thereby demonstrating their capacity to combat cancer in an

in vitro setting.
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Figure 5.4 Killing assay of anti-CD19 CAR T cells against A20 cells. Viable A20 cells were
detected after 24 hours of incubation with anti-CD19 CAR T cells via CCK-8 kit. The
measurements were normalized against A20 cells incubated with untreated T cells. Data are

presented as the mean+ S.D. (n = 5). Statistical analysis via two-sided unpaired t-test (* p <

0.05, ** p < 0.01, *** p < 0.001)
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On top of T cells targeting CD19" cancer cells, T cells expressing the chemokine receptor
CXCR4 to increase the migration of T cells to solid tumors were investigated. First, we
confirmed the expression of CXCR4-tGFP using Phe(m)-Fab’ and the CXCR4-tGFP mRNA
synthesized in Chapter 2. CD8" T cells were incubated with Phe(m)-Fab’ encapsulating
CXCR4-tGFP mRNA for 24 h, then the cell nuclei were stained with DAPI, and the CXCR4-
tGFP expression was determined by using CLSM. Figure 5.5 shows a significant increase of
signal in the T cells that were transfected with Phe(m)-Fab’ compared to the ones transfected

with naked mRNA. This confirms that Phe(m)-Fab’ successfully generates CXCR4 T cells.
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Figure 5.5 Expression of CXCR4-tGFP on cytotoxic CD8" T cells. a) CLSM images of T cells
after incubation with CXCR4-tGFP mRNA. b) Mean intensity of tGFP signal in T cells from
CLSM measurement. The data is presented as the mean + S.D. (n = 20). Statistical analysis via

two-sided unpaired t-test (* p < 0.05, ** p <0.01, *** p <0.001, ****p < (0.0001)
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The expression of CXCR4-tGFP on primary cytotoxic CD8" mouse T cells has been
monitored over several days in primary cytotoxic CD8" mouse T cells using jetMESSENGER
transfecting reagent and CXCR4-tGFP mRNA. At several time points the expression was

measured using CLSM after staining the cells with DAPI solution (Figure 5.6a,b)
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Figure 5.6 Expression profile of CXCR4-tGFP on primary cytotoxic CD8" T cells over several
days. a) CLSM images of cytotoxic CD8" T cells after transfection with CXCR4-tGFP mRNA
at different time points. b) The mean intensity of tGFP on T cells after transfection with
CXCR4-tGFP based on CLSM measurements at different time points. Data is presented as the

mean = S.D. (n = 20).

Similarly to anti-CD19 CAR in Figure 5.3, CXCR4-tGFP protein expression lasts for
several days after transfection, with a maximum after 24 hours, which indicates that booster
injections would likely be necessary for in vivo applications treating cancer after several days

to keep the concentration of CXCR4 expressing T cells high.
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Next, to assess the enhanced ability of CXCR4 T cells to infiltrate tumors expressing the
corresponding CXCL12 ligand, an invasion assay was conducted. The migration of T cells
through Matrigel simulates the migration of T cells into tissues towards the CXCL12-
expressing tumor. After 24 hours, the number of T cells that migrated to the bottom well was

counted (Figure 5.7).
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Figure 5.7 Invasion assay of in vitro transfected CXCR4 T cells (top well) against 4T1 cancer
cells (bottom well) through Matrigel. The bars represent the number of cells in the supernatant
of the bottom well presented as the mean=S.D. (n = 3). Statistical analysis via two-sided

unpaired t-test (* p < 0.05, ** p <0.01, *** p <0.001)

The results show that T cells transfected with Phe(m)-Fab’ migrated through the Matrigel
towards the CXCL12 expressing 4T1 cells most effectively out of all the groups, even
outperforming the commercial transfecting reagent Lipofectamine MessengerMAX. The
Matrigel invasion assay is particularly valuable for studying three-dimensional invasion, as it
allows cells to invade through the Matrigel matrix, closely resembling the in vivo invasion
process. Traditionally, in an invasion assay, cells stay attached to the membrane on the bottom
of the Matrigel between the top and the bottom well. However, due to the small size of T cells,

and the chosen membrane diameter of 8 um, this likely caused T cells to migrate into the
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bottom well after infiltrating the Matrigel to the bottom. Nonetheless, this is a promising

indicator for the enhanced migration and infiltration of CXCR4 T cells towards cancer masses.

In vivo experiments were conducted to assess the luciferase expression of the reporter
protein Fluc in a small sample number of mice following intratumoral (i.t.) injection near a
4T1-HA tumor. The 4T1-HA tumor is known to recruit immune cells, leading to an increased
population of T cells in the tumor environment. The results depicted in Figure 5.8 demonstrate
an elevated protein expression in the mouse treated with Phe(m)-Fab’. While these findings are
compelling, further investigations are necessary to determine the specific type of cells that are
transfected. This is crucial to ascertain whether the observed increase in expression is due to
enhanced T cell uptake or if other cell types are also being transfected. Although in vitro results
have indicated highly specific ligand-specific transfection, it is important to recognize that the
biological environment in vivo is significantly more complex and challenging to predict.
Therefore, additional experiments focusing on the determination of the transfected cell type

are warranted.
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Figure 5.8 in vivo firefly luciferase expression after i.t. injection of micelles in mice bearing

4T1-HA tumors. The average radiance of the area is given in [p/s/cm</sr]
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The in vivo generation of chemokine-modified immune cells was investigated in a study
involving the administration of naked CXCR4-tGFP or CXCR4-tGFP encapsulating Phe(m) or
Phe(m)-Fab' via subcutaneous (s.c.) injection in 4T1-tumor bearing mice. This administration
route was chosen because it has been demonstrated that s.c. injection close to the lymph node
results in high uptake in the lymph nodes due to the drainage via lymphatic vessels (Richter,
Bhansali, and Morris 2012), which contain a high number of T cells. The particle size of
Phe(m)-Fab’ is especially suitable for s.c. administration to target lymph nodes, as particles
larger than 100 nm struggle to pass the interstitium, whereas smaller particles can migrate
through the channel of the interstitium to gain access to the lymphatic system (Christien

Oussoren and Storm 2001; C. Oussoren et al. 1997).

The resulting expression of CXCR4-tGFP was quantified using an in vivo imaging
system (IVIS) 30 hours post-injection. A control group consisting of mice without injection
was included to account for background fluorescence (Figure 5.9a,b). Remarkably, the mice
receiving the treatment exhibited elevated GFP expression at the tumor site, indicating
successful expression of CXCR4 and subsequent migration from the transfection site to the
tumor site. These observations are encouraging indicators of the successful in situ generation

of CXCR4-tGFP T cells and their ability to migrate from the transfection site to the tumor.
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Figure 5.9 IVIS of 15-week-old mice bearing 4T1-tumors 30 hours after s.c. injection of
CXCR4-tGFP mRNA via Phe(m)-Fab’ (n = 3) or untreated mice (n = 4). a) IVIS images of
mice 48 hours after injection or CXCR4-tGFP mRNA. b) Quantification of GFP signal based
on IVIS measurements. Statistical analysis via two-sided unpaired t-test (* p < 0.05, ** p <

0.01, *** p < 0.001, **** p < 0.0001)
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To identify in situ generated CXCR4-modified cells, 4T1 tumor-bearing mice were
injected with CXCR4-tGFP mRNA encapsulated in various delivery vehicles. 24 hours after
subcutaneous injection, mice were sacrificed, and the spleen, lymph nodes, and tumors were
analyzed by flow cytometry to identify immune cells expressing CXCR4-tGFP (Figure 5.10).

However, none of the treatment groups displayed GFP signals, including the commercial in
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Figure 5.10 Flow cytometry of CD8" T cells from organs and tumor samples 24 hours after s.c.

injection of 5 ng CXCR4-tGFP mRNA via various delivery vehicles.
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Possible reasons for this might include, that the dose or injection rate needs to be adjusted
to get robust expression in vivo. In this experiment, a single dose of 5 ug mRNA per mouse
was injected, but higher doses are commonly reported in studies about in situ generation of T
cells. For example, in a study where polymeric nanoparticles were used to deliver mRNA to T
cells in vivo, doses of 50 ng mRNA were injected three consecutive days in their in vivo
experiment (N. N. Parayath et al. 2020). Also, the total number of CAR T cells in mice might

be small, making them difficult to detect within tissues without increasing the dose.

Furthermore, the interferon response induced by in vitro transcribed mRNA in cells can
significantly impact the expression of proteins, which might also make detection difficult.
Unmodified IVT mRNA has been shown to elicit robust type I interferon responses, which can
activate protein kinase R (PKR) and 2'-5'-oligoadenylate synthetase (OAS), leading to reduced
transfection efficiency (Loomis et al. 2018)(Loomis et al. 2018) . Experiments have
demonstrated that the use of nucleoside-modified IVT mRNA, along with improved
purification protocols, eliminates immune activation by mRNA and increases its translation,

thus opening therapeutic applications

Another way to enhance the protein expression and the generation of CAR T cells, it is
common to implement N1-methyl-pseudouridine (N1-methyl-'¥) in place of uridine (Morais,
Adachi, and Yu 2021a; Andries et al. 2015). ¥ is a rotational isomer of uridine, in which the
N-C glycosidic bond is substituted with the C-C bond. The isomerization reaction also creates
an extra hydrogen bond donor (-N1H). ¥ can be further methylated at the N1 position by Nepl
(an Nl-specific ¥ methyltransferase) to generate N-methyl-¥. d, hydrogen bond donor; a,
hydrogen bond acceptor. N1-methyl-¥ provides enhanced mRNA stability and reduces
inflammatory responses, thereby improving translational efficiency. The significance of m1'¥
in mRNA therapeutics has been underscored in various studies and has been implemented in

Covid-19 vaccines including the ones from BioNTech and Moderna Therapeutics (comirnaty®
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and spikevax®, respectively), emphasizing its critical contribution to mRNA vaccines (Nance
and Meier 2021; Morais, Adachi, and Yu 2021a). For this reason, Gluc mRNA replacing uridine
with N1-methyl-¥ was synthesized by IVT and transfection in HEK-293 cells was compared
to unmodified Gluc mRNA formulated with Lipofectamine MessengerMAX. However, we
found that N1-methyl-¥ modified Gluc mRNA could not outperform unmodified mRNA in

our experiment (Figure 5.11).
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Figure 5.11 Luminescence of Gluc in the supernatant of HEK-293 cells measured by
Luminometer. Data are presented as the mean = S.D. (n = 10). Statistical analysis via two-sided

unpaired t-test (* p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001)

It is possible that inefficient cleanup resulted in the low expression of protein with the
mRNA incorporating N1-methyl-'¥. It has been shown that contamination of double-stranded
RNA (dsRNA) in IVT products, which is sensed as a viral invader, activating dsRNA-
dependent enzymes, such as oligoadenylate synthetase (OAS), RNA- specific adenosine
deaminase (ADAR), and RNA-activated protein kinase (PKR), results in the inhibition of
protein synthesis (Baiersdorfer et al. 2019). For this reason, more elaborate cleanup processes,
such as HPLC may be able to lead to enhanced protein expression making it viable to improve

the efficacy of the treatment in the future.
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5.4 Conclusion

In the field of in situ cell therapy, the generation of functional cancer-targeting T cells is
crucial for therapeutic success. In this chapter, we confirmed the expression of anti-CD19 CAR
mRNA and CXCR4-tGFP using Phe(m)-Fab’ and assessed the efficacy of the resulting T cells
in targeting cancer cells. The findings demonstrated sustained protein expression over several
days in T cells, with anti-CD19 CAR T cells generated using Phe(m)-Fab’ showing comparable
efficacy to those generated by the commercial transfection reagent jetMESSENGER in

decreasing the viability of A20 lymphoma cells in vitro.

Furthermore, the study investigated the efficacy of CXCR4 T cells in enhancing
migration towards tumors expressing CXCL12. In an invasion assay, in vitro transfected
CXCR4 T cells exhibited migration through a Matrigel-coated membrane towards 4T1 cancer
cells, indicating their potential for tumor targeting. Subsequently, in vivo experiments involving
the subcutaneous injection of Phe(m)-Fab’ loaded with CXCR4-tGFP mRNA in mice bearing
4T1 tumors provided strong evidence of the generation of functional CXCR4 T cells. These

transfected cells migrated towards the solid tumor site, as detected via IVIS measurements.

However, this chapter also revealed challenges in detecting modified T cells in vivo, as
the presence of CXCR4 T cells in the tumor could not be confirmed by flow cytometry as of
yet. Higher dosages, refined mRNA formulations or multiple boosters may be necessary to
improve the therapeutic efficacy, and to successfully detect in situ engineered T cells in the

future.
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Chapter 6.

Conclusions and Future Perspectives
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6.1 Conclusions

The treatment of malignant tumors remains a global concern, with conventional methods
such as surgery, chemotherapy, and radiotherapy often associated with severe side effects. In
contrast, immunotherapy has emerged as a promising approach in cancer treatment, leveraging
activated immune cells to specifically target and attack tumor cells while minimizing adverse
effects. One of the key strategies in cancer immunotherapy is adoptive cell therapy, also known
as tumor immune cell therapy, which involves extracting immune cells from the body,
amplifying the desired immune cells, and reintroducing them into the body to elicit an immune

response against tumor cells.

However, the complex manufacturing processes, high costs, and limited efficacy in
treating solid tumors have constrained the widespread adoption of adoptive cell therapy.
Nevertheless, the challenges associated with adoptive cell therapy have spurred the
development of innovative strategies that integrate immunology, cell biology, and biomaterials
to overcome these obstacles and enable in vivo preparation. This transformation has the
potential to shift CAR-T therapy from personalized, cell-based products to off-the-shelf drugs,

thereby addressing some of the existing limitations.

In this thesis, a targeted mRNA delivery system was developed to specifically deliver
mRNA for the generation of engineered immune cells relevant to cancer treatment. The system
utilized a block ionomer to stabilize mRNA in a PIC micelle, incorporating a flexible polymer
backbone with phenylalanine sidechains to enhance mRNA interaction through n-r stacking
and facilitate endosomal escape due to its ionizable nature. The resulting micelle demonstrated
significant improvements in transfection and could be modified by attaching targeting ligands

on its surface to facilitate specific mRNA delivery to immune cells.
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Furthermore, the thesis highlights the successful attachment of Fab’ antibody fragments
targeting CD8 to the surface of the PIC micelles, on, enabling highly specific mRNA delivery
to T cells and the generation of anti-CD19 CAR T cells. This approach demonstrated the
potential of Fab’ to induce targeted mRNA delivery to T cells, holding promise for the
implementation of Phe(m)-Fab’ to generate T cells with chimeric receptors for enhanced cancer
therapy. The versatility of the system was further demonstrated by the enhanced transfection
of macrophages through the use of mannose targeting ligands, showcasing the adaptability of

the system based on the specific targeting ligand employed.

The engineering of functional CAR T cells and chemokine receptor T cells using Phe(m)-
Fab’ as a sophisticated polymeric carrier for mRNA has been highlighted by several in vitro
experiments, demonstrating enhanced anticancer effects of Phe(m)-Fab’ transfected T cells.
Furthermore, the expression and migration of in situ generated CXCR4-expressing cells shows

the potential to guide immune cells to solid tumor sides more effectively in the future.

The desire for in situ engineered T cells has been highlighted by recent attempts by various
groups to generate CAR T cells in vivo (C. Wang et al. 2023; Neha N. Parayath and Stephan
2021). Among them is a polymeric delivery system based on the research findings of Parayath
et al. (N N Parayath et al. 2020), which was recently acquired by the company Sanofi. In their
study, they reported a particle size of 106.9 £ 7.2 nm, while Phe(m)-Fab’ has a particle size of
approximately 55 nm. Additionally, the zeta potential of their system positive, whereas the zeta
potential of our system is neutral. It is noteworthy that positively charged particles tend to
accumulate in the lung, and PBAE-based nanoparticles, such as those used in the Sanofi system,
have been shown to primarily accumulate in the lung and liver following intravenous injection

(Rui et al. 2022; Yuan et al. 2023).
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The smaller particle size of Phe(m)-Fab’ can lead to preferential drainage to the lymph
nodes after subcutaneous administration, as smaller particles have been shown to exhibit this
behavior (Hawley, Davis, and [1lum 1995). Furthermore, neutral or negatively charged particles
also tend to drain to the lymph nodes. The fate of the particle after intravenous injections, as
well as the stability and protection of mRNA in harsh in vivo conditions, were also not
adequately addressed in the study by Parayath et al. For example, the effect of anion-exchange
with the mRNA in their core was not discussed, despite the addition of polyanions to the

polyplex in their formulation.

Although they demonstrated CAR expression on T cells in vivo, this was achieved through
the administration of extremely high dosages of 50 pg mRNA per injection for three
consecutive days, raising concerns about the efficiency of their delivery system. In contrast,
our current micelle system has shown in vivo protein expression with as little as 5 pg mRNA
in a single injection. Additionally, while Parayath et al. demonstrated improved targeting of
CD8" cells within CD45+ immune cells, further investigation into the off-targeting delivery in

other cells is not fully described.

While the system acquired by Sanofi is in a mature stage and has extensive pre-clinical in
vivo data, Phe(m)-Fab’ has demonstrated promising in vitro results for targeted mRNA delivery
and for the generation of functional modified T cells, combined with rigorous particle
characterization. While more in vivo studies will be necessary in the future to compare Phe(m)-
Fab’ with more mature treatments in the pre-clinical phase, most recent in vivo data shows
potential to deliver mRNA in vivo and for the implementation of Phe(m)-Fab’ to generate T

cells with chimeric receptors in situ.
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Despite these advancements in the in situ generation of CAR T cells, challenges persist in
the application of CAR immunotherapy, particularly in the context of solid tumors. Major
hurdles include CAR T cell manufacturing, the lack of tumor-specific antigens, inefficient CAR
T cell trafficking and infiltration into tumor sites, and the lag in the development of CAR
immunotherapy for solid tumors compared to anti-CD19 CAR T cells. However, the thesis also
presented the successful generation of immune cells expressing the chemokine receptor
CXCR4 by exchanging the encapsulated mRNA without the need to adjust the micelle
formulation. This approach leverages chemokines to signal cell migration and guide transfected
immune cells to their target sites, offering potential solutions to the challenges associated with

CAR immunotherapy in solid tumors.

In conclusion, the thesis contributes to the advancement of cancer immunotherapy by
developing a targeted mRNA delivery system that holds promise for the in sifu generation of
modified immune cells relevant to cancer treatment. The findings underscore the potential of
this system to address the limitations of current adoptive cell therapy approaches and pave the
way for enhanced cancer therapy through the generation of immune cells with chimeric
receptors. Furthermore, the successful generation of immune cells expressing CXCR4
highlights the adaptability and potential of the system to address challenges in CAR

immunotherapy, particularly in the context of solid tumors.
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6.2 Future perspectives

The field of immunotherapy faces a significant challenge in generating a sufficient
number of modified immune cells to achieve a therapeutic anticancer effect, particularly when
utilizing mRNA due to its transient expression profile. This limitation may necessitate multiple
administrations to achieve the desired anticancer effect. To address this challenge, several
strategies can be employed to improve the expression of proteins on immune cells. One
approach involves tuning the mRNA, for example, by incorporating pseudouridine into its
structure or by employing GPC purification to remove impurities. These modifications can
potentially lead to a more robust generation of chimeric antigen receptor (CAR) T cells, thereby

enhancing therapeutic outcomes.

Optimization of the CAR domains might also result in CAR T cells that proliferate CAR
T cells in vivo while preventing exhaustion. For instance, the intracellular CAR region featuring
stimulatory and costimulatory domains like CD3 and CD28 plays an important role in initiating
T cell proliferation upon interaction with the targeted antigen (Mehrabadi et al. 2022). Various
stimulatory and costimulatory domains have been studied for their impact on T cell
proliferation and persistence. However, it is crucial to note that excessive CAR signaling might
induce strong proliferation, but is linked to rapid T cell exhaustion (Majzner et al. 2020). Most
recent CAR designs integrate transgenes for cytokine release, such as IL-2 cytokines,
preventing T cell exhaustion and promoting proliferation upon activation. Incorporating these
immunostimulatory cytokines, enhances CAR-T cells' resistance to the immunosuppressive

tumor microenvironment, improving function and growth.

In addition to optimizing mRNA, the careful selection of antigen receptors and
chemokine receptors is crucial for the development of more advanced CAR structures and
specific immune cell homing. This is essential for successful recognition and infiltration of

tumors. Furthermore, the versatility of mRNA technology allows for its exchange to address
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various diseases, such as regulating the balance of helper T cells through mRNA delivery.

Moreover, efforts to simplify the design of nanocarriers are desirable for the advancement
of immunotherapy. It is noteworthy that the simplicity of construction and ease of repeat
preparation are key features of US FDA-approved nanomaterials-related drugs. However,
many of the nanomaterials used for CAR-T treatment are complex in design and contain a wide
variety of chemical or bioactive components, making it challenging to regulate their quality
and efficacy. The complexity of biomaterial constructs may also pose difficulties in mass
production on a clinical scale. Therefore, a comprehensive understanding of the biomaterials
used for CAR-T therapy is essential to provide guidelines for the development of safe and cost-
effective biomaterials to enhance immunotherapy. It is crucial to emphasize that all aspects of
biomaterial design should be carefully considered to meet their intended applications. For
instance, the complex composition and physical properties of liposome nanoparticles,
including size, morphology, surface charge, drug or gene loading, ligand type, and density, can

unexpectedly alter the characteristics of CAR-T cells.

In conclusion, the future outlook for in sifu generated immune cells in immunotherapy is
promising, with ongoing efforts focused on optimizing mRNA, selecting appropriate receptors,
and simplifying nanocarrier design. These advancements hold great potential for improving the
efficacy and safety of immunotherapy, ultimately benefiting patients with various diseases,
including cancer. Further research and development in this area will undoubtedly contribute to

the evolution of immunotherapy and its widespread clinical application.
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