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Abstract 

Cancer immunotherapy has become a standard pillar of cancer treatment throughout the 

last decade. Immune checkpoint inhibitors (ICIs) and adoptive cell therapies (ACTs) such 

as tumor-infiltrating lymphocytes, tumor-specific T-cell receptor-modified T-cells, and 

chimeric antigen receptor (CAR)-engineered T-cells have proven successful in initiating 

an immunologic response against various cancers. Unfortunately, not all patients respond 

to ICIs and ACTs requires cumbersome and expensive processes. 

For currently approved CAR-T therapies, T-cells are first extracted from the patient by 

leukapheresis followed by being transduced with lentivirus that encodes the CAR. CAR-

expressing T-cells are then expanded over a two-week period before finally being re-ad-

ministrated to the patient. Besides the substantial manufacturing costs associated with this 

therapy, CAR-T cells often cause toxicity-related side effects upon infusion. 

This thesis aims to develop a strategy that allows for the generation of transient CAR-

transfected T-cells in situ to treat hematological malignancies and thus overcome the lim-

itations associated with currently approved CAR-T therapies. The technology uses in vitro 

transcribed synthetic mRNA that is formulated in lipid nanoparticles (LNPs) as a systemi-

cally injectable drug. The LNPs are directed to circulating T-cells via an antibody-based 

targeting moiety to transiently express disease-specific receptors, thereby bypassing the 

need to extract, culture, and reinfuse lymphocytes into patients. The thesis then aims to 

demonstrate the broad applicability of the technology beyond hematological malignancies 

by targeting other immune cell subsets to overcome solid tumors. 

First, we demonstrate that the technology can be used to deliver reporter mRNA specifi-

cally to human T-cells. We then show that the platform enables specific delivery of func-

tional CAR-encoding mRNA to circulating T-cells directly in vivo. Finally, we extend the 

application of the technology to reprogram T-cells to become bi-specific T-cell engager-

secreting factories, thereby reducing solid tumor burden in mice. 

Overall, this thesis demonstrates the development and potential applications of a novel 

groundbreaking immunotherapeutic technology. This technology holds strong promise to 

be employed in the clinic to treat various cancers and thus improve the lives of patients 

worldwide.  
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Resumé (Abstract in Danish) 

Cancerimmunterapi er igennem det seneste årti blevet en velimplementeret type af 

kræftbehandling. Immune checkpoint-inhibitorer (ICI'er) og adoptive celleterapier såsom 

tumor-infiltrerende lymfocytter, tumor-specifikke T-celle-receptor-modificerede T-celler 

og chimeric antigen-receptor (CAR)-konstruerede T-celler har vist sig at være vellykkede 

i initieringen af et immunologisk respons mod forskellige kræftformer. Desværre reagerer 

ikke alle patienter på ICI'er, og adoptiv celleoverførsel er en omstændig og dyr proces. 

For nuværende godkendte CAR-T-terapier ekstraheres T-celler først fra patienten ved 

leukaferese efterfulgt af at blive transduceret med lentivirus, der koder for CAR. CAR-

udtrykkende T-celler ekpanderes derefter over en periode på ca. to uger, før de endelig 

administreres til patienten. Udover de betydelige produktionsomkostninger, der er 

forbundet med denne type af terapi, forårsager CAR-T-celler ofte toksicitetsrelaterede 

bivirkninger ved infusion.  

Denne afhandling har til formål at udvikle en strategi, der muliggør genereringen af 

transiente CAR-transfekterede T-celler in situ til at behandle hæmatologiske 

kræftsygdomme og dermed overkomme begrænsningerne forbundet med godkendte CAR-

T-terapier. Teknologien bruger in vitro transskriberet syntetisk mRNA, der er formuleret i 

lipid nanopartikler (LNP'er) som et systemisk injicerbart lægemiddel. LNP'erne er rettet 

mod cirkulerende T-celler via en antistofbaseret modalitet, der muligør transient 

ekspression af sygdomsspecifikke receptorer og derved omgås behovet for at ekstrahere, 

dyrke og genadministrere T-celler til patienter. Afhandlingen har derudover til formål at 

demonstrere den brede anvendelighed af teknologien ud over hæmatologiske 

kræftsygdomme ved at transfektere andre immunceller til behandling af solide tumorer. 

Først demonstrerer vi, at teknologien kan bruges til at levere reporter mRNA til human T-

celler. Vi viser derefter at platformen can anvendes til at levere funktionelt CAR-kodende 

mRNA til cirkulerende T-celler direkte in vivo. Afslutningsvis udvider vi brugen af 

platformen til at omprogrammere T-celler til at blive bi-specifikke T-celle engager-

producerende fabrikker og derved behandle solide tumorer. 

Samlet set demonstrerer denne afhandling udviklingen og potentielle anvendelser af en ny 

banebrydende immunoterapeutisk teknologi. Teknologien forventes at blive implementeret 

i klinikken til behandling af forskellige kræftformer og dermed forbedre livet for patienter 

verden over.  
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Chapter I | Introduction 

I.1 | The past and the presence of cancer immunotherapy 

The utilization of a patient’s own immune system to selectively target cancer cells, known 

as cancer immunotherapy, has become a standard pillar of cancer treatment [1, 2]. Several 

strategies for modulating the immune system into fighting off cancerous cells have already 

been approved by regulatory agencies while new therapies are still being developed [3]. 

Two approaches, where clinically approved therapies currently exist, include immune 

checkpoint inhibitors (ICIs) and adoptive cell therapies (ACTs) [2]. Immune checkpoint 

therapy involves blocking various immune system checkpoints that cancer cells use to 

evade the recognition and elimination by the immune system’s healthy T-cells. Pro-

grammed cell death 1 (PD1) and cytotoxic T lymphocyte antigen 4 (CTLA4) are two well-

studied T-cell immune checkpoints, and the discovery that these could be targeted with 

ICIs in patients with melanoma ultimately earned pioneers James P. Allison and Tasuku 

Honjo the Nobel Prize in Physiology or Medicine in 2018 [3-5]. Before the approval of the 

first ICI in 2011 (ipilimumab, an anti-CTLA4 antibody), it was unimaginable that complete 

remission, being the complete disappearance of all visible metastases, could be achieved 

in 20% of patients with melanoma. However, this is the case today in melanoma patients 

treated with ICIs where long-term remission is observed even after treatment discontinua-

tion [6, 7]. Additionally, seven FDA-approved monoclonal antibodies (mAbs) that target 

PD1 or its ligand PDL1 have demonstrated unprecedented clinical efficacy in several can-

cer types including non-small cell lung cancer, renal cell carcinoma, and metastatic mela-

noma [8, 9]. 
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Unfortunately, not all cancer types respond well to ICIs and the population of cancer pa-

tients where ICI treatment does not result in a complete response, either by patients having 

required or primary resistance, still constitutes the majority [6, 10, 11]. 

Another strategy used to modulate the immune system to attack cancer cells is to treat 

patients directly with modified effector cells [12]. Here, cells are first harvested from the 

patient, then either modified or directly cultured and expanded ex vivo before finally being 

reinfused into the host [13, 14]. Tumor-infiltrating lymphocytes (TILs), tumor-specific T-

cell receptor (TCR)-modified T-cells, and chimeric antigen receptor (CAR)-engineered T-

cells are types of modified immune cells that, upon transfer into the patient, initiate an 

immunologic response against the cancer cells [14-16]. However, though often proven very 

potent and efficacious, ACT-based strategies often come with their own set of challenges 

related to product safety, reproducibility, costly and time-consuming manufacturing, and 

the need for patient preconditioning therapy such as lymphodepleting chemotherapy re-

sulting in increased risk and difficulties in reaching a broad patient population [17-19]. But 

what if we did not have to extract the patient’s cells to modify them? What if we could 

deliver a message to the immune system to instruct it to make the necessary changes di-

rectly in its own environment – in situ – to fight the tumor cells? First, this would help 

circumvent the ex vivo manipulation and reinfusion of engineered cells, which is often as-

sociated with severe toxicities [20, 21]. Second, this could allow for significantly driving 

down the treatment costs compared to the current costly therapies and thus make it availa-

ble to a broader patient population [22]. Developing such groundbreaking strategies is the 

scope of this thesis. 
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However, to better define novel strategies for developing improved immunotherapies an 

understanding of the interaction between cancer and the immune system is first required. 

In the following sections, we will scratch the surface of how the interplay between the 

development of cancer and the healthy immune system functions. 

 

I.2 | How does cancer become cancer? 

In 2000, Douglas Hanahan and Robert Weinberg proposed a set of functional capabilities 

acquired by normal human cells that allow them to become malignant tumors. These capa-

bilities became known as the first generation of the Hallmarks of Cancer and constituted 

the acquired ability of cells to sustain proliferative signaling, evade growth suppressors, 

resist cell death, enable replicative immortality, induce angiogenesis, and activate invasion 

and metastasis [23]. In 2011, after a decade of progress in understanding the underlying 

cancer-related biology, Hanahan and Weinberg proposed the next generation of hallmarks 

[24]. The improved understanding of the biological complexity of tumor formation led to 

the proposition of two emerging hallmarks and two enabling characteristics, which in-

cluded the ability to evade immune destruction and reprogramming cellular metabolism as 

the emerging hallmarks and the instability and mutations in the genome and tumor-pro-

moting inflammation as the enabling characteristics. Finally, in 2022, Hanahan proposed 

new dimensions for the hallmarks [25]. Here, Hanahan proposed four additional emerging 

hallmarks and enabling characteristics that involved unlocking phenotypic plasticity, se-

nescent cells, non-mutational epigenetic reprogramming, and polymorphic microbiomes. 

Overall, through more than two decades of research, these generations of the first proposed 
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and now widely accepted hallmarks, emphasize how the understanding of the underlying 

cancer biology continuously advances. 

Having laid out some of the principles for tumor cell development through the Hallmarks 

of Cancer it is important to note the paradox that some of these same principles also enable 

the immune system to generate a response resulting in cancer cell elimination [26]. One 

concept that provides an explanation for how and why the immune system can elicit a T-

cell response resulting in tumor cell recognition and eradication, is known as the Cancer-

Immunity Cycle and was proposed by Daniel Chen and Ira Mellman in 2013 (Figure I-1) 

[27]. The Cancer-Immunity Cycle is a seven-step cyclic process that can be self-propagat-

ing starting and ending with the death of a cancer cell resulting in the release of neoanti-

gens. After cancer cell antigens are released (step 1), antigen-presenting cells will capture, 

process, and present the antigens on MHCI or MHCII molecules (step 2) to T-cells in the 

lymph node (step 3). If the specific cancer cell-derived antigen is viewed as foreign by the 

T-cell and if central tolerance has been incomplete, the recognition will result in priming 

and activation of a cancer antigen-specific effector T-cell response. The activated effector 

T-cells then traffic to (step 4) and infiltrate (step 5) the tumor, followed by the specific 

recognition of the neoantigen presented on MHCI through the TCR (step 6), and finally 

resulting in target cancer cell killing (step 7). Hereafter, additional neoantigens can be re-

leased (step 1) and the cycle can repeat, which increases the breadth of the response. Need-

less to say, in cancer patients, the cycle described above does not perform optimally. 
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Figure I-1. The Cancer-Immunity Cycle. 

 

In the same review where the Cancer-Immunity Cycle is conceptualized, Chen and Mell-

man provide examples of how certain therapies can affect different steps of the cycle [27]. 

One example constitutes how chemo- and radiation therapy can promote step 1 of the cycle. 

Broadly, exogenous stimuli such as chemotherapy and radiation result in the release of 

damage-associated molecular patterns (DAMPs), which can directly elicit host immune 

responses [28]. Another example included in the conceptualization by Chen and Mellman 

describes how cancer vaccines can accelerate anti-cancer immunity by promoting cycle 

step 2 [27]. Here, antigen-presenting cells such as immature dendritic cells (DCs) can be 
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targeted with vaccines to initiate a tumor-specific T-cell response. Several engineering 

strategies for DC-based vaccines exist and include tumor-associated antigens or neoanti-

gens encoded and delivered as mRNA, synthesized as peptides, or viral vectors [29, 30]. 

As a third example, Chen and Mellman describe how IL-2 therapy is part of cycle step 3 

[27]. It has previously been shown that IL-2 is required for the generation of robust T-cell 

responses and T-cell survival [31]. Thus, therapeutic strategies involving the administra-

tion of IL-2 have been investigated. However, IL-2 immunotherapy has been shown to 

have critical drawbacks such as short half-life in vivo and severe toxicity at the therapeutic 

dosage [32]. Two final therapeutic examples of how the Cancer-Immunity Cycle can be 

targeted include the engineering and administration of CAR-T cells to directly recognize 

and kill cancer cells to promote step 6 of the cycle and the blocking of PD1 using anti-PD1 

antibodies to remove the inhibition of cancer cell killing by T-cells at cycle step 7 [27]. 

Since this review was published in 2013, cancer immunotherapy has continued to revolu-

tionize the field of oncology, which has led to a rapid increase in the number of novel 

immunotherapeutic strategies [33-35]. By improving our understanding of the inherent 

cancer-related immune biology these strategies can help further improve current treat-

ments. 

 

I.3 | Changing the game of immunotherapy treatments 

As briefly introduced, CAR-T cells constitute a type of adoptive cell immunotherapy that 

can be used to enhance the immune response against tumor cells [16]. CAR-T therapy has 

truly been a game changer in the treatment of B-cell acute lymphoblastic leukemia and B-
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cell lymphoma since its first approvals of tisagenlecleucel (Kymriah, Novartis) and axi-

cabtagene ciloleucel (Yescarta, Kite), respectively, in 2017 [36, 37]. Prior to the introduc-

tion of CAR-T cells in the clinic, the prognosis for most patients with these B-cell malig-

nancies was poor and patients often relapsed or were refractory to previous treatments. 

However, initial clinical studies using autologous CAR-T cells showed complete remission 

in patients that had been unresponsive to other cancer treatments [38, 39]. Today, a total of 

six CAR-T therapies have been approved by the FDA for use in the USA [40-43].  

CARs are synthetic receptors that, independently of MHC presentation, can recognize na-

tive cell surface antigens [16, 44]. They are generally composed of four domains; the anti-

gen recognition domain, the hinge domain, a transmembrane region, and one or multiple 

intracellular signaling domains (Figure I-2a) [45]. The antigen recognition domain or the 

binding domain is commonly comprised of a single-chain variable fragment (scFv) derived 

from a mAb. The complementarity-determining regions (CDRs) of the scFv determine 

where on the target antigen the CAR binds [46]. Studies have shown that the distance be-

tween the CAR-T cell surface and the specific epitope that the scFv recognizes is important 

in the design of the hinge and in establishing the optimal hinge length. Short CAR hinges 

are more effective in binding membrane-distal epitopes whereas longer hinges allow better 

access to epitopes that are proximal to the target cell membrane [47, 48]. The transmem-

brane domain serves as an anchor of the CAR in the T-cell membrane and consists of a 

hydrophobic α helix. Both the hinge and the transmembrane domain are often derived from 

CD8α or CD28 [46, 49]. The intracellular portion of the CAR contains the functional do-

mains that initiate T-cell activation upon antigen recognition. By incorporating a CD3ζ-
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derived domain containing immunoreceptor tyrosine-based activation motifs (ITAMs) into 

the construct, CAR-mediated signaling mimics that of the endogenous T-cell antigen re-

ceptor (TCR) [50]. Following the binding of the target antigen the ITAMs become phos-

phorylated, which starts the downstream signaling cascade leading to T-cell activation [51]. 

CAR constructs containing a single intracellular CD3ζ domain became recognized as the 

first generation of CARs (Figure I-2b). Second-generation CARs, incorporating a CD28- 

or 4-1BB-derived co-stimulatory domain, were then developed based on the understanding 

of a co-stimulatory signal required for optimal activation in physiological T-cell responses. 

The introduction of one of these co-stimulatory molecules significantly improves IL-2 se-

cretion, T-cell proliferation, and target cell killing over the first generation of constructs 

[52]. The third generation of CARs is engineered by incorporating multiple co-stimulatory 

domains (e.g., both CD28 and 4-1BB) to enhance cytokine potency and CAR-mediated 

killing [53]. Enhanced antitumor activity with the fourth-generation CARs, also known as 

T-cells redirected for universal cytokine-mediated killing (TRUCKs), is achieved by in-

cluding a transgene that allows for increased cytokine secretion [54, 55]. Finally, with the 

latest advancement in CAR designs, the fifth generation, introduces a fragment of the IL-

2 receptor β (IL-2Rβ). Upon binding, the IL-2Rβ fragment mediates activation of the 

JAK/STAT pathway, which promotes T-cell proliferation and increases the persistence of 

CAR-T cells [56, 57].  

Although CAR-T therapy has proven to be revolutionary in cancer treatment with impres-

sive clinical responses against hematological malignancies, barriers still remain to increas-

ing the therapeutic response and limit the CAR-T cell-associated toxicities. The most 
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commonly observed side effect of CAR-T therapy is cytokine release syndrome (CRS) also 

known as “cytokine storm”. CRS is a consequence of CAR-T cell activation upon target 

engagement, which results in the release of large amounts of cytokines such as IL-6, IL-

10, and IFN-γ [58, 59]. Clinically, CRS can range from patients having mild fever and 

headache to severe cases where patients may experience cardiac dysfunction or multiorgan 

system failure, which possibly can progress to death [60, 61]. Another toxicity that is com-

monly observed after CAR-T cell therapy is immune effector cell-associated neurotoxicity 

syndrome (ICANS). Similar to CRS, ICANS vary in severity where critically affected pa-

tients may experience seizures and cerebral edema [36].  

Besides the toxicities observed in the treatment of hematological malignancies, another 

limitation of CAR-T therapy is the lack of efficacy observed in solid tumor treatments. The 

absence of tumor-specific antigens, the immunosuppressive tumor microenvironment 

(TME), and the limited trafficking of CAR-T cells to the tumor site are some of the pivotal 

challenges in the fight against solid tumors [62, 63].  

Finally, the costs associated with CAR-T treatments provide a significant limitation for 

reaching a broad patient population. With tisagenlecleucel and axicabtagene ciloleucel be-

ing marketed at more than USD350,000 per infusion, excluding the costs associated with 

the monitoring of disease status, additional procedures, and extended hospitalization stays, 

these potentially lifesaving treatments are inaccessible for most patients [64, 65]. 

Thus, developing the next generation of CAR-T therapies is necessary to not just change 

the game against cancer but for the clinicians and patients to win it. 
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Figure I-2. Structure and generations of Chimeric Antigen Receptors. 

a) The general composition of a CAR. b) The current generations of CAR designs. CAR, chimeric antigen 

receptor; co-stim, co-stimulatory domain. Created with BioRender.com. 

 

I.4 | mRNA therapeutics - a new class of drugs 

In December 2019, a novel coronavirus named SARS-CoV-2 causing coronavirus disease 

2019 (COVID-19) started spreading globally. This lead the World Health Organization to 

declare a pandemic on March 12, 2020 [66]. Before the end of the same year, two vaccines 

were approved by the FDA through emergency use authorization in the United States [67]. 
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Both vaccines, developed by Pfizer/BioNTech and Moderna, respectively, relied on the 

delivery and translation of messenger RNA (mRNA) into its encoding viral spike protein 

to elicit the desired immune response and thus prevent COVID-19 [68, 69]. This did not 

only result in billions of administered doses worldwide, but it also sparked interest in 

mRNA as a means of delivering therapeutic proteins. The authorization of the two COVID-

19 vaccines underlined the potential of developing mRNA-based drugs due to the high 

efficacy rates, short timeframe from target identification to clinical use, and the convincing 

safety profile [67, 70-73]. However, the development of mRNA therapeutics presents chal-

lenges that are different from those of mRNA vaccines. As previously reviewed by Rohner 

et. al., one of the key challenges in the clinical development of mRNA therapeutics versus 

vaccines is related to the required protein expression levels [70]. To address this challenge, 

various optimization strategies can be employed. In the following paragraphs, we will turn 

our attention to how increased protein expression can be achieved through modifications 

of various components of the mRNA (Figure I-3). 

 

 
Figure I-3. IVT mRNA optimization strategies.  

Therapeutic mRNAs, containing various regulatory elements, can be modified to achieve increased stability 

and translation and to decrease unwanted immunogenic reactions. UTR, untranslated region; m1A, N1-

methyladenosine; Ψ, pseudouridine. Created with BioRender.com. 
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While immunization using vaccines only requires minimal protein production due to its 

reliance on the immune system to amplify the desired response through cell-mediated and 

humoral responses, mRNA therapeutics require up to 1,000-fold higher levels of protein 

expression to reach a therapeutic threshold [74-76]. To increase the total protein expression 

in the cell, several strategies around optimizing the individual components of the mRNA 

have been developed. These components include the cap, the 5’ and 3’ untranslated regions 

(UTRs), the open reading frame (ORF), and the polyadenylated (poly(A)) tail [77-80]. The 

process by which mRNA is synthetically produced is known as in vitro transcription (IVT) 

[81]. As the name suggests, this process involves mimicking the cell’s natural ability to 

transcribe DNA into mRNA using RNA polymerase enzymes [82]. IVT utilizes a DNA 

template encoding the sequence of interest which is transcribed following the addition of 

RNA polymerases derived from bacteriophages, such as T7 or SP6 [83]. Just like in a living 

cell, the polymerases selectively recognize the promoter region in the DNA template, cat-

alyzing and initiating transcription. The result from this process is naked RNA transcripts 

where additional steps are taken to cap and polyadenylate the RNA molecules at the 5’- 

and 3’-end, respectively. The 5’-cap is vital for mRNA stability, translation, and self- ver-

sus non-self identification [82, 84] whereas the length of the 3’-poly(A) tail has been shown 

to be an important physiological determinant for translation efficiency and mRNA stability 

[85, 86]. UTRs are known to affect translation in eukaryotic cells and data suggests that 

optimal UTRs may vary depending on the cell type. Therefore, several UTR modifications 

have been proposed to increase protein expression [87, 88]. The ORF, marked by start and 

stop codons, encodes the protein of interest [89]. Here, the codon composition may affect 

translation efficiency where codons that are more frequently found in nature generally 
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increase translational yield as opposed to rare codons [90]. However, this is found to be 

highly dependent on the protein of interest and the desired application. As it is well known 

that RNA activates cells of the innate immune system by stimulating Toll-like receptor 

(TLR) 3, TLR7, and TLR8, the IVT process may incorporate naturally occurring modified 

nucleosides such as pseudouridine, N1-methyladenosine, or N1-methylpseudouridine. 

Studies have demonstrated that by integrating modified nucleosides into the transcript the 

TLR-mediated immunogenic response can be significantly reduced [91, 92]. Overall, by 

implementing the various mRNA modifications in the IVT process, the kinetic profile of 

the encoded protein can be modulated and altered as desired for the specific application 

[89]. Finally, one major contaminant in the IVT mRNA that may play a role in reducing 

protein expression levels is double-stranded RNA (dsRNA). Upon internalization from the 

extracellular space into the cytoplasm or endosome, cells sense dsRNA as a foreign in-

vader, a pathogen-associated molecule pattern (PAMP), which triggers the activation of 

enzymes leading to inhibition of protein synthesis [93]. Additionally, dsRNA is recognized 

by TLR3, retinoic acid-inducible gene I (RIG-I), and melanoma differentiation-associated 

protein 5 (MDA5), which leads to the secretion of cytokines and elicitation of an often 

undesired immune response [94]. Several methods have been explored for the removal of 

dsRNA after the IVT process resulting in a purified mRNA product [93, 95-97]. 

However, achieving the desired purity and required level of protein expression to reach a 

therapeutic threshold only helps overcome one of the challenges associated with the devel-

opment of mRNA therapeutics. Another challenge in the clinical development of mRNA 
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therapeutics constitutes achieving the desired delivery specificity. Thus, not just reaching 

the required level of protein expression, but getting it in the right place [70]. 

 

I.5 | mRNA delivery mediated by lipid nanoparticles 

mRNA does not possess favorable characteristics to function as an individual therapeutic 

drug. The molecule must cross the cell membrane to reach the cytoplasm and become 

available for translation by the ribosome. Due to mRNA’s relatively large size (1-15 kb) in 

comparison to other types of RNA (e.g., siRNA) and its overall negative charge, crossing 

the cell membrane, which is made up of a lipid bilayer and also maintains a negative po-

tential, is an improbable task [98]. Additionally, prior to reaching the target tissue or cell, 

the naked mRNA is likely to be degraded by abundant levels of extracellular ribonucleases 

present in the skin and blood [99]. 

Apart from mRNA, another valuable tool that became increasingly known to the public 

following the success of the Pfizer/BioNTech and Moderna COVID-19 vaccines was lipid 

nanoparticles, abbreviated LNPs [100]. Both vaccines utilized LNPs to deliver the viral 

protein-encoding mRNA. Generally, LNP formulations consist of four main components 

including an ionizable lipid enabling endosomal escape, a helper lipid that resembles the 

lipids in the cell membrane and contributes to the stability and delivery efficiency, choles-

terol that creates stability of the LNP, and a polyethylene glycol (PEG)-lipid that reduces 

protein absorption in circulation [100-103]. 
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Ionizable lipids, consisting of a polar head group, a hydrophobic tail region, and a linker 

between the two domains, are designed to contain a neutral charge at physiological pH but 

to become protonated at low pH [100, 104]. Once trapped in the cells’ endosome where 

the pH is decreased compared to the extracellular environment, the ionizable lipid becomes 

positively charged. This likely enables membrane destabilization and allows for the LNP 

and mRNA cargo to escape and become available for translation in the cytoplasm [105, 

106]. Various strategies for designing and optimizing ionizable lipids to enhance cell-me-

diated uptake and drive endosomal escape have been explored. One such optimized lipid 

was MC3, which became a key component of the systemically delivered siRNA drug, On-

pattro, which was approved in 2018 to treat hereditary transthyretin-mediated amyloidosis 

[107, 108]. Further improvement of the biodegradability by introducing cleavable ester 

bonds have shown to increase delivery efficacy and lead to faster elimination in circulation 

in vivo and thus improve tolerability [109]. This is the case for the lipids SM-102 and ALC-

0315, which are the ionizable lipids used in the Moderna and Pfizer/BioNTech COVID-19 

vaccines, respectively [100]. Several other ionizable lipid types have been explored for 

RNA delivery. Through appropriate lipid design, these can be engineered to modulate the 

LNPs’ pharmacokinetic and pharmacodynamic profiles, their ability to transfect specific 

cell subsets, and their capability of driving endosomal escape for specific disease applica-

tions [104, 110-115]. 
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Active targeting for cell specificity 

The liver is the primary organ of LNP accumulation following systemic administration. 

After intravenous (IV) administration, PEG-lipids start to dissociate from the LNP surface 

followed by the recruitment of apolipoprotein E (ApoE) to the exposed LNP. ApoE is the 

main constituent that upon association with the LNP forms what is known as the LNP 

protein corona [116, 117]. Upon reaching the liver, LNPs extravasate through fenestrated 

endothelium and bind to ApoE-binding receptors on hepatocytes, such as the low-density 

lipoprotein receptor, which mediate uptake and thus clearance of LNPs [107, 118]. Addi-

tionally, tissue-resident macrophages of the liver, Kupffer cells, being part of the mononu-

clear phagocyte system (also known as the reticuloendothelial system) can play an im-

portant role in the elimination of LNPs [119, 120]. Though the delivery of mRNA to the 

cells of the liver has therapeutic potential, as demonstrated by the FDA approval of Onpat-

tro, many diseases, such as most cancers, would benefit from non-liver targeting [101, 

121]. Thus, to achieve clinically relevant tissue- and cell-specific delivery, improved de-

livery systems are required. 

Specific tissue- and cell-targeting LNPs can be achieved by modifying the lipids and the 

composition of the formulation or by introducing targeting ligands that are conjugated to 

the LNP surface [121, 122]. Herein, passive targeting refers to strategies involving optimi-

zation of the lipid composition whereas active targeting refers to LNPs incorporating chem-

ically conjugated specific targeting moieties. 

Passive targeting strategies often involve regulating the size and the charge of the LNP. 

This can be achieved by changing the composition of the four lipid types used in the 
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formulation or by incorporating additional lipids that may alter the biodistribution of the 

LNP. Such strategies have been explored by several groups [123-131]. However, when 

successful, these strategies may only result in tissue-specific accumulation and not in cell-

specific uptake.  

To achieve cell-specific nucleic acid delivery various active targeting strategies can be uti-

lized [121, 122, 132]. One such strategy involves relying on the specificity of antibodies. 

Here, an antibody-based targeting moiety (e.g., Ig, Fab, scFv, or VHH) with specificity for 

a chosen target on a cell of interest (e.g. a specific receptor on an immune cell) can be 

conjugated to a PEG lipid and incorporated into the surface of the LNP, thereby allowing 

for cell-specific uptake (Figure I-4) [130, 131, 133-137]. 
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Figure I-4. An active targeting approach utilizing LNPs to deliver mRNA. 

An antibody-based targeting moiety allows for receptor-mediated uptake of the LNP into the cell of interest 

(1). Upon maturation of the endosome the pH decreases resulting in protonation of the ionizable lipid (2) 

and leading to endosomal escape of the mRNA (3). The mRNA, now in the cytoplasm, is then available for 

translation by the ribosome into the encoded protein (4). PEG, polyethylene glycol; mRNA, messenger 

RNA. Created with BioRender.com. 
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I.6 | Developing a platform for reprogramming immune cells di-

rectly in vivo 

In this thesis I have, in collaboration with Tidal Therapeutics (a Sanofi Company), devel-

oped a targeted LNP platform that can deliver therapeutic mRNA directly in vivo to specific 

immune cell subsets of interest and thereby modulate the immune response to treat cancers 

in a multifaceted way. The developed technology is based on previous research conducted 

in the laboratory of Mathias Stephan from the Fred Hutchinson Cancer Center in Seattle 

[138-140]. The excitement around this type of technology was exemplified by the acquisi-

tion of Tidal Therapeutics by Sanofi in 2021 for an upfront payment of USD 160 million 

and up to USD 310 million upon achievement of certain milestones [141]. Additionally, 

several other companies, such as Capstan Therapeutics, Sana Biotechnology, Umoja Bio-

Pharma, Interius BioTherapeutics, Turn Biotechnologies, and Moderna, are currently pur-

suing similar in vivo-based cell therapy strategies [142]. 

Applications of the platform established herein involve the delivery of CAR-encoding 

mRNA to human T-cells to fight hematological malignancies (Chapter II) and the delivery 

of Bi-specific T-cell Engager (BiTE)-encoding mRNA to murine T-cells to treat solid tu-

mors (Chapter III). As mentioned above, the development of novel immunotherapeutic 

strategies based on the steps of the Cancer-Immunity Cycle to elicit a desired anti-cancer 

immune response is likely to prove beneficial for cancer patients [35]. The two novel ap-

proaches described herein can affect the Cancer-Immunity Cycle at various steps and over-

all show an effective anti-cancer immune response (Figure I-5). In Chapter II we show that 

the platform enables the reprogramming of T-cells to express a CAR against a specific 

tumor cell antigen, leading to recognition of its target (step 6) and thereby CAR-mediated 
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target cell killing (step 7). In Chapter III we demonstrate how the platform can be utilized 

to reprogram T-cells to become BiTE-secreting factories. Here, secreted BiTEs enable T-

cell engagement with target tumor cells (step 6) and similarly mediate target cell killing 

(step 7). This merely demonstrates how the immediate steps of the Cancer-Immunity Cycle 

might be affected. However, the T-cell reprogramming strategies described in the follow-

ing chapters may have a self-propagating effect that upon initial cancer cell killing leads to 

neoantigen release (step 1) and thus initiates a new round of the Cancer-Immunity Cycle 

increasing the possibility of tumor regression and anti-cancer immunity. 

 

 
Figure I-5. Overview of how the Cancer-Immunity Cycle can be targeted with various 

strategies utilizing the Tidal platform.  

CAR- and BiTE-reprogrammed T-cells can be achieved using the Tidal technology. CAR T-cells and 

BiTEs facilitate the specific recognition of tumor cells and mediate tumor cell killing (Step 6 and 7). CAR, 

chimeric antigen receptor; BiTE, bi-specific T-cell engager. Created with BioRender.com. 
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Chapter II | Using targeted LNPs to specifically deliver CAR 

mRNA to human T-cells in vivo 
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The purpose of this chapter is to demonstrate the use of Tidal’s LNP-mRNA platform with 

the goal to develop a first-in-class targeted LNP that specifically delivers CAR-encoding 

mRNA to T-cells directly in vivo to treat hematological malignancies. As our lead drug 

candidate comprises a proprietary ionizable lipid, a proprietary targeting moiety, and a 

proprietary CAR sequence, the research described in this chapter exploits previously dis-

closed lipids, antibody sequences, and CAR designs. Additionally, some of the data shown 

in this chapter will involve a proprietary target that will not be disclosed herein. 

Ralston Augspurg and Michael Monte kindly formulated and characterized the LNPs used 

herein. 
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II.1 | Abstract 

Ex vivo chimeric antigen receptor (CAR) T-cell therapy has proven successful in patients 

with hematologic malignancies, but its broad application is still facing significant chal-

lenges due to current approaches requiring elaborate and expensive techniques to engineer 

and manufacture T-cells. Here, we demonstrate a platform, using antibody-targeted lipid 

nanoparticles (LNPs) encapsulating mRNA to reprogram circulating human T-cells in vivo, 

thus overcoming these barriers. We show that the approach can be utilized to deliver CAR-

encoding mRNA specifically to CD3+ or CD8+ T-cell subsets through an antibody-derived 

targeting moiety, thereby enabling transient functional CAR expression. The targeted LNP 

formulation allows for repeated dosing strategies while circumventing off-cell target 

mRNA delivery. We further demonstrate that the delivery of mRNA encoding clinically 

relevant CARs can drive specific target cell killing in vitro. Collectively, our approach 

holds strong promise for becoming a broadly applicable CAR-T treatment for hematologic 

malignancies while being a highly adaptable platform for other diseases. 

 

II.2 | Introduction 

Genetic modification of T-cells with chimeric antigen receptors (CARs) to target specific 

diseases has shown impressive clinical responses in patients with hematologic malignan-

cies [16]. However, several barriers remain to make this therapy available to a broader 

patient population. Currently, CAR-T cell therapy production is carried out ex vivo, includ-

ing genetic modification of the patient’s T-cells in culture before infusing the cells back 

into the patient [143]. The ex vivo methods required to generate sufficient numbers of 
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tumor-specific T-cells are complex thereby hindering widespread application to treat can-

cer patients [139]. Additionally, two CAR-T therapies approved by the U.S. Food and Drug 

Administration (FDA) are priced at USD373,000 (Yescarta, Kite) and USD475,000 (Kym-

riah, Novartis), making it economically challenging to provide this personalized treatment 

to the millions of cancer patients worldwide [144]. Finally, CAR T-cell therapy has related 

acute and chronic toxicities that must be overcome when developing new drugs to treat 

cancer patients [145]. The onset of immune activation, known as cytokine release syn-

drome (CRS), is the most prevalent adverse effect following CAR T-cell infusion. Addi-

tionally, other side effects reported in patients receiving CAR T-cells include the develop-

ment of neurological toxicities, on-target/off-tumor recognition, anaphylaxis, and inser-

tional oncogenesis [146-148]. To overcome these significant challenges and limitations, 

more innovative strategies are required to program T-cells to express CARs. 

In-vitro transcribed (IVT) mRNA has, in recent years, proven as a promising technology 

to express desired proteins in cells, making it a promising alternative to DNA-based prod-

ucts. By utilizing IVT mRNA researchers allow for transient protein expression without 

causing integration into the genome [149, 150]. However, to function in vivo, effective and 

stable delivery platforms, protecting the mRNA from degradation and allowing for cellular 

uptake, are required [100]. One such delivery system that has entered the clinic and proven 

successful is lipid nanoparticles (LNPs) [98, 105, 151]. Remarkably, the recent authoriza-

tion of two coronavirus disease 2019 (COVID-19) vaccines [68, 152] utilizing LNPs to 

deliver mRNA stands out as noticeable examples. However, to date, the use and design of 
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LNPs for systemic delivery have mainly allowed for cellular uptake by hepatocytes and 

Kupffer cells of the liver [153, 154]. 

Here, we describe a novel approach to selectively reprogram human T-cells in vitro and in 

vivo by specifically delivering IVT mRNA via antibody-targeted LNPs. We demonstrate 

the clinical relevance of the platform by showing specific CAR-encoding mRNA delivery 

in vitro and in vivo and report functional CAR-mediated cancer cell killing in vitro as well 

as B-cell aplasia in vivo. 

 

II.3 | Methods 

LNP preparation 

LNPs were prepared in a similar fashion to previously published reports [155]. Briefly, 

LNPs were formulated with an encapsulated mRNA payload and lipid blend by mixing an 

aqueous mRNA solution and an ethanolic lipid solution using an in-line microfluidic mix-

ing process. The lipid components DLin-KC3-DMA (Organix Inc, Massachusetts, US), 

Cholesterol (Dishman, NL), Distearoylphosphatidylcholine (DSPC, Avanti Polar Lipids, 

Alabama, US), and 1,2-Dipalmitoyl-rac-glycero-3-methylpolyoxyethylene glycol-2000 

(DPG-PEG2000, NOF America Corporation, New York, US) were dissolved in anhydrous 

ethanol. mRNA and lipid solutions were mixed using a NanoAssemblr Ignite microfluidic 

mixing device and NxGen mixing cartridge from Precision Nanosystems Inc. (British Co-

lumbia, Canada). Following mixing, ethanol removal and buffer exchange was performed 

on the resulting LNP suspension using a discontinuous diafiltration process. LNPs were 
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recovered from the centrifugal device and stored at 4°C for short-term use. Otherwise, LNP 

solutions were spiked with a 49 wt% sucrose stock solution to reach a final sucrose con-

centration of 9.8 wt%. LNPs were then frozen and kept at -80°C for long-term storage. 

 

CAR design and mRNA production 

The anti-human CD20 antibody VH and VL sequences were derived from public sources 

(Leu-16 PMID11809933). The CD20 antibody and the anti-human antibody against an un-

disclosed target were encoded into CAR cassettes as scFvs in the VH/VL orientation with 

a 3x or 4x(G4S) linker between the variable heavy and light chains. The anti-CD20 Leu-

16 CAR construct was built with an N-terminal FLAG-tag variant (DYKAKE) that can 

bind the M1 antibody clone with high affinity in the absence of calcium (PMID9237191). 

The CAR cassettes including a CD28 or CD8 hinge, CD28 or CD8 transmembrane domain 

and CD28 and CD3z intracellular signaling domains were based on sequences from the 

previously reported CAR constructs and signaling domains (PMID2974162, 

PMID31011207). Herein, these CAR constructs will be referred to as CD20 CAR and CAR 

X, respectively. 

mRNA was produced by Trilink Biotechnologies (California, US). Briefly, mRNA encod-

ing a second generation CD20 CAR or CAR X with CD28 co-stimulatory and CD3zeta 

signaling domains were in vitro-transcribed, poly-A tailed, and capped (CleanCap) (Trilink 

Biotechnologies, California, US). 
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Targeting moiety design and production 

For the CD3- and CD8-targeting Fabs, in both the human heavy and light chain constant 

domains, the native interchain disulfide-forming cysteines were mutated to serine. Addi-

tionally, similar mutations to a previous report [156] were introduced into both the heavy 

and light chains to enable a stabilized disulfide linkage while avoiding DSPE-PEG-malei-

mide conjugation. At the end of the human CH1, the human IgG1 hinge was used up to the 

first natural cysteine followed by a 6-his tag (EPKSSDKTHTCHHHHHH), enabling con-

jugation to DSPE-PEG-maleimide and purification by IMAC. 

Variable heavy and light chain amino acid sequences for anti-human CD3 (Clone: SP34-

2) and CD8 (Clone: TRX2) were derived from public sources. Fabs were produced in HEK, 

purified by IMAC, and formulated into PBS by Biointron (Taizhou, China). 

 

Targeting moiety conjugation and post-insertion 

Antibody conjugation to DSPE-PEG was done similary to previously published reports 

[157, 158]. DSPE-PEG(2k)-Fab conjugate was then combined with base LNPs and placed 

in a ThermoMixer (Eppendorf, Hamburg, Germany) at 37°C at 300 rpm for 4 hours, fol-

lowed by storage at 4°C until use. 
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LNP characterization 

The LNPs were characterized to determine the average hydrodynamic diameter, zeta po-

tential, and mRNA content (total and dye-accessible). The hydrodynamic diameter was 

determined by dynamic light scattering (DLS) using a Zetasizer model ZEN3600 (Malvern 

Pananalytical, Malvern, UK). The zeta potential was measured in 5 mM pH 5.5 MES buffer 

and 5 mM pH 7.4 HEPES buffer by laser Doppler electrophoresis using the Zetasizer. 

RNA content of the nanoparticles was measured using Quant-iT RiboGreen RNA Assay 

Kit (Thermo Fisher, Massachusetts, US). Dye-accessible RNA, which includes both non-

incorporated RNA and RNA that is near the surface of the nanoparticle, was measured by 

diluting the nanoparticles to approximately 1 µg/mL mRNA using HEPES buffered saline, 

and then adding Quant-iT reagent to the mixture. Total RNA content was measured by 

diluting the particles to 1 µg/mL mRNA using HEPES buffered saline, disrupting the na-

noparticles by heating them to 60°C for 30 minutes in HEPES buffered saline containing 

0.5% Triton, and then adding Quant-iT reagent. RNA was quantified by measuring fluo-

rescence at 485/535 nm, and concentration was determined relative to a contemporane-

ously run RNA standard curve. 

 

Cell lines and quantification of target surface marker 

The CD20-positive human B-cell lymphoblast line, Raji, the CD20-negative B-cell leuke-

mia line, Nalm6, and the CD20-negative lymphoblast cell line, K562, were purchased from 

American Type Culture Collection (ATCC, Maryland, US) and were maintained according 
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to the manufacturer’s recommendations. A Quantibrite™ PE kit (BD Biosciences, New 

Jersey, US) was used to quantify the number of CD20 molecules per cell, respectively, on 

each cell line following the manufacturer’s instructions. 

 

CD3- and CD8-dependent uptake in isolated T-cells in vitro 

CD3+ or CD8+ T-cells were isolated from human PBMCs using human CD3 or CD8 T-cell 

negative magnetic isolation kits (StemCell Technologies, Vancouver, Canada). Prior to 

LNP treatment, isolated T-cells were seeded into 96-well round bottom plates at a concen-

tration of 1x106 cells/mL (100K cells per well). Cells were then treated by adding targeted 

LNPs encapsulating mRNA to the cells followed by mixing by pipetting and incubating at 

37°C. 

Cells were washed in phosphate buffer saline (PBS) containing 0.5% BSA and 0.1% NaN3 

(FACS buffer) for cytometry analysis. After washing, cells were stained with CD4-, CD3-

, and CD8-antibodies. For CD20 CAR detection, an M1 antibody conjugated in-house to 

AF488 was used. CAR X-expression was detected using an indirect staining method with 

a target antigen followed by a secondary stain using an anti-target antibody conjugated to 

APC. All stains were performed at 4°C for 30 minutes prior to washing and resuspending 

in FACS buffer. Stained cells were acquired by flow cytometry on a Symphony (BD Bio-

sciences, New Jersey, US) running FACSDiva software and further analyzed in FlowJo. 

Dead cells were excluded from analysis by using eFluor780 fixable viability dye (Thermo 

Fisher, Massachusetts, US). 
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Microscopy 

Microscopy of human CD8+ T-cells was performed on a Nikon TiE microscope with a 60X 

objective and analyzed on (Fiji Is Just) ImageJ software. Briefly, isolated CD8+ T-cells 

transfected with CD3- or CD8-targeted GFP/DiI LNPs for 24 hours were stained with Nu-

cBlue™ Live ReadyProbes™ (Thermo Fisher, Massachusetts, US) for 20 minutes at 37°C 

before washing and resuspending in Live Cell Imaging Solution (Thermo Fisher, Massa-

chusetts, US) for microscopic analysis. 

 

Cytokine profiling with MSD 

Cytokine secretion in vitro was analyzed by MSD (Meso Scale Diagnostics, Maryland, 

US). Supernatants were pulled from the culture at the 24-hour time point and a custom U-

PLEX assay was used for the detection of human TNF-alpha, IFN-gamma, and IL-10 fol-

lowing the manufacturer’s instructions. For in vivo analysis, blood was drawn at the re-

spective time points into 300 µL Microvette 100 EDTA tubes and centrifuged at 500 x g 

for 10 minutes. Plasma was then collected and analyzed using a custom U-PLEX assay for 

the detection of human TNF-alpha, IFN-gamma, and IL-10 following the manufacturer’s 

instructions. 
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Signature T-cell gene analysis using NanoString technology 

Gene expression profiles of LNP-transfected human CD8+ T-cells were assessed using 

nCounter CAR-T Characterization Panel (NanoString Technologies, Washington, US), 

characterizing 780 human CAR T-related genes. Briefly, CD8+ T-cells were isolated and 

transfected as described above. Cells were lysed using Buffer RLT (Qiagen, Hilden, Ger-

many), and cell lysates were treated with Proteinase K (Thermo Fisher, Massachusetts, US) 

prior to hybridization following the manufacturer’s instructions. 

 

In vivo CAR reprogramming in humanized NSG mice 

For reprogramming T-cells in vivo, 0.3 mg/kg mRNA encapsulated in LNPs was adminis-

tered intravenously through the tail vein of 10-week-old female NSG mice engrafted with 

human PBMCs. Blood was collected into EDTA-coated collection tubes and red blood 

cells (RBCs) were lysed using Versalyse (Beckman Coulter, California, US). Cells were 

washed in FACS buffer and stained with human CD45-, CD4-, CD3-, CD8-, and CD20-

antibodies, murine CD45-antibodies, and CAR X-staining reagents as described above. 

Cells were washed twice in FACS buffer and acquired by flow cytometry on a Symphony 

(BD Biosciences, New Jersey, US) running FACSDiva software and further analyzed in 

FlowJo. Dead cells were excluded from analysis by using eFluor780 fixable viability dye 

(Thermo Fisher, Massachusetts, US). 

Spleens, livers, lungs, and bone marrow were first excised, weighed, and processed to sin-

gle-cell suspensions before staining and acquiring by flow cytometry as described above. 
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Flow Cytometry-based cytotoxicity assay 

Raji, Nalm6, and K562 cells were stained with Cell Trace Violet proliferation dye (CTV) 

(Thermo Fisher, Massachusetts, US) following the manufacturer’s protocol. Briefly, target 

cells were incubated with CTV for 20 minutes at room temperature prior to washing and 

co-culturing. CD8+ T-cells were isolated and transfected as described above and washed 

after 4 hours of incubation to remove unbound LNPs. Transfected CD8+ T-cells were then 

co-cultured with CTV-stained target cells at varying effector-to-target cells ratios in T-cell 

media (RPMI-1640, 10% FBS, and 50 ng/mL recombinant human IL-2) in a 96-well flat-

bottom plate for 48 hours. After 48 hours of co-culture, cells were stained with eFluor780 

fixable viability dye (Thermo Fisher, Massachusetts, US) to assess the level of cytotoxicity 

and with CD69-BUV395 (BD Biosciences, New Jersey, US) to quantify the level of acti-

vation. Cells were washed twice in FACS buffer and acquired by flow cytometry on a 

Symphony (BD Biosciences, New Jersey, US) running FACSDiva software and further 

analyzed in FlowJo (BD Biosciences, New Jersey, US). For T-cell phenotyping, cells were 

stained with CD95-BUV395 (BD Biosciences, New Jersey, US), CD3-BUV737 (BD Bio-

sciences, New Jersey, US), CD62L-BV605 (Biolegend, California, US), CD45RO-BV711 

(Biolegend, California, US), CD19-BV785 (Biolegend, California, US), CD45RA-AF488 

(Biolegend, California, US), CCR7-PE (Biolegend, California, US), and PD1-APC (Bio-

legend, California, US). 
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IncuCyte Cytotoxicity assay 

The IncuCyte NucLight Red Lentivirus reagent (Sartorius, Gottingen, Germany) was used 

to transduce Raji, Nalm6, and K562 cells following the manufacturer’s protocol. Trans-

duced NucLight Red positive cells were selected for using puromycin and >95% purity 

was confirmed by flow cytometry prior to co-culture assays. CD8+ T-cells were isolated 

and transfected as described above. Unbound LNPs were removed by washing in PBS 4 

hours post-transfection. Transfected T-cells were then co-cultured with NucLight Red Len-

tivirus transduced Raji, Nalm6, or K562 cells at varying effector-to-target cell ratios in T-

cell media (RPMI-1640, 10% FBS and 50 ng/mL recombinant human IL-2) in a 96-well 

flat-bottom plate. Cancer cell killing was monitored in the SX5 IncuCyte every 3 hours. 

The level of cytotoxicity was quantified by normalizing the count of red cells to the initial 

time point. 

 

Study approval 

All animal procedures were performed in accordance with the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals and were approved but the CRADL 

Institutional Animal Care and Use Committee (AICUC). Whole blood was collected from 

healthy adult (>18 years) donors in heparin Vacutainer® tubes under an approved protocol 

for Sanofi following informed consent prior to the blood draw. 

 



 

 

37 

Statistical analysis 

Statistical significance, comparing two samples, was evaluated using Student’s t test. Anal-

ysis of variance (ANOVA) was used to evaluate statistical significance for multiple com-

parisons followed by Dunnett’s posttest to compare all groups against a single control. 

Statistical analysis was performed using GraphPad Prism. Error bars indicate the standard 

deviation (SD), or the standard error of the mean (SEM) as specified in the figure legend. 

A p value less than 0.05 was considered to be statistically significant. 

 

II.4 | Results 

We hypothesized that CAR-encoding mRNA could be encapsulated in LNPs and through 

an antibody-based targeting moiety directed toward CD3+ or CD8+ T-cells mediating func-

tional CAR expression directly in vivo (Figure II-1). First, LNPs were formulated and char-

acterized, evaluating the size, polydispersity (PDI), and zeta potential after the various for-

mulation steps (Figure II-2a-c). Additionally, the mRNA recovery levels were evaluated 

using the RiboGreen assay kit to ensure sufficient encapsulation of mRNA into the LNPs 

(Figure II-2d). 

To study whether the formulated LNPs could get to and deliver a functional mRNA pay-

load to human T-cells we incorporated a traceable DiI dye into the LNPs and used a re-

porter mRNA encoding GFP. DiI-LNPs encapsulating GFP mRNA were inserted with an 

anti-CD3 or anti-CD8 targeting Fab conjugated to DSPE-PEG and added to primary T-

cells at different dose levels evaluating the LNP-association and GFP expression by Flow 
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Cytometry after 24 hours (Figure II-3a). The targeted LNPs were shown to bind and trans-

fect human primary T-cells in a dose-dependent manner with more than 70% of T-cells 

showing GFP expression 24 hours after adding CD3-targeted LNPs (Figure II-3b-f). 

Next, we investigated how the chosen targeting moieties inserted into the LNPs in combi-

nation with the various selected CARs would affect the profile of the T-cells. An upregu-

lation in the early activation marker, CD69, and elevated cytokine release of IFN-gamma, 

TNF-alpha, and IL-10, was observed upon transfection with the CD3-targeted LNPs in 

comparison to the CD8-targeted LNPs (Figure II-4a-e). To study how the two targeting 

moieties would affect the gene expression of the T-cells we performed a NanoString gene 

expression analysis of the transfected T-cells (Figure II-4f-i). We observed that a wide 

range of genes related to T-cell activation, exhaustion, and type 1 and 2 interferon signaling 

were significantly upregulated in T-cells transfected with CD3-targeted LNPs. No upreg-

ulation in these signature genes was observed in T-cells transfected with CD8-targeted 

LNPs when compared to untreated T-cells. 

Having observed high expression of our GFP mRNA payload in isolated T-cells, we next 

wanted to investigate the level of specificity of our platform in a translational context. Here 

we developed an ex vivo experiment, transfecting human whole blood and evaluating the 

expression efficiency by Flow Cytometry (Figure II-5). In addition to investigating the 

transfection efficiency and specificity, we included nine healthy donors in this experiment 

to study the uptake variability across donors. A high level of LNP association was observed 

in the Granulocyte and B-cell population but with no detection of GFP expression. As ex-

pected, our CD3-targeted LNPs were able to transfect both CD4+ and CD8+ T-cells while 
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no GFP expression was observed in the CD4+ T-cell population transfected with the CD8-

targeted LNPs. We observed a variation in transfection efficiency among the donors eval-

uated, but all nine donors showed a high degree of specificity as no GFP expression could 

be observed in off-target cell populations. 

To demonstrate the translatability of the platform and to study whether the targeted LNPs 

could be used to reprogram T-cells into CAR T-cells, a clinically relevant CAR construct 

against CD20 (Clone: Leu16, [159]) and a CAR construct against an undisclosed target, 

were encoded in mRNAs and formulated into targeting LNPs. These CAR-encapsulating 

LNPs showed similar characteristics to LNPs encapsulating reporter mRNA (Figure II-2a-

d). From in vitro experiments, we were able to detect expression of both CARs on the 

surface of primary T-cells in a dose-dependent manner (Figure II-6a-b) and for up to 72 

hours (Figure II-6c-d) when transfected with either CD3- or CD8-targeting LNPs. Addi-

tionally, the cytokine release between the two CARs was investigated. Here, we observed 

that the elevated levels of cytokines secreted were triggered by the CD3-targeting moiety 

and not the CARs (Figure II-6e-g). However, the CD20-targeting CAR, Leu16, also 

showed elevated cytokine levels when encapsulated in the CD8-targeting LNPs in compar-

ison to CAR X. 

Following promising data in vitro we next investigated whether we were in fact able to 

deliver the mRNA payload to the specific T-cell subsets in vivo. Here, NSG mice were 

engrafted with human PBMCs and intravenously injected with a clinically relevant dose of 

LNPs (0.3 mg/kg) (Figure II-7a). 24 hours after treatment, translated mCherry reporter 

protein could be observed in CD8+ T-cells for both CD3- and CD8-targeting LNPs and in 
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CD4+ T-cells for CD3-targeting LNPs in bone marrow, liver, lung, blood, and spleen (Fig-

ure II-7b-k). Additionally, we evaluated CAR X expression in CD8+ T-cells in various 

organs (Figure II-7l-p) and successfully observed CAR reprogramming in bone marrow, 

lung, spleen, and whole blood while no CAR expression was observed in the liver. Similar 

to our in vitro studies, CD3-targeting LNPs showed superior transfection to the CD8-tar-

geting LNPs in all organs evaluated. Finally, a trend showing a decrease in human CD20+ 

B-cells could be observed in mice treated with CAR X mRNA, indicating functional B-

cell aplasia in vivo (Supplemental Figure II-2). 

The killing capacity of the mRNA-encoding CARs was further studied in cytotoxicity ex-

periments in vitro. Here, we observed efficient killing of target-expressing cell lines down 

to low effector-to-target cell ratios while increased killing was absent in a non-target-ex-

pressing cancer cell line (Figure II-8a-l). Additionally, a shift from naïve T-cells to central 

and effector memory phenotypes was observed for isolated CD8+ T-cells transfected with 

CD3-targeted LNPs in the same cytotoxicity experiment (Figure II-8m). 

 

II.5 | Discussion 

Throughout the last decade, clinical results and approvals of CD19 and BCMA chimeric 

antigen receptor (CAR) T-cells have demonstrated the potential that CAR treatments hold 

as immunotherapy against cancer [160, 161]. However, current CAR-T cell therapies for 

B-cell malignancies require elaborate and expensive processes to manufacture engineered 

T-cells ex vivo, which provides a barrier to making them standard-of-care treatments and 

available to the broad patient population. One solution could be to reprogram the patient’s 
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T-cells to become CAR-T cells directly in vivo and thereby overcoming the challenges 

associated with patient T-cell isolation, genetic modification, and selective expansion ex 

vivo. 

Here, we explored an mRNA delivery strategy using targeted lipid nanoparticles (LNPs) 

to transfect and reprogram human T-cells in vivo. We demonstrate that in vitro transcribed 

(IVT) mRNA encoding two clinically relevant B-cell targeting CARs can be delivered spe-

cifically to modify T-cells in human whole blood ex vivo in a broad range of donors (Figure 

II-5). Furthermore, we show that when targeted LNPs are administered systemically to 

humanized NSG mice in vivo, T-cells in circulation are reprogrammed to become CAR-T 

cells (Figure II-7). 

We chose to encapsulate anti-CD20 CAR- and CAR X encoding mRNA payloads in our 

targeted LNPs based on the clinical success of CAR-T cell therapies against B-cell malig-

nancies [38, 60, 61]. With this, we show that T-cells can be reprogrammed to transiently 

express a clinically validated CAR using targeted LNPs (Figure II-1). Although only in-

vestigated in vitro, our data show that the platform can be used to achieve specific killing 

of target-expressing cancer cell lines down to low effector-to-target cell ratios (Figure II-8). 

Additional in vivo efficacy studies, however, are needed along with optimizing dosing 

strategies, which our group is currently investigating. 

As proof-of-concept, we show that targeting the highly expressed T-cell receptors, CD3 or 

CD8, is efficient for reprogramming T-cells and for driving CAR-mediated target cancer 

cell killing. However, as this approach is highly adaptable, our group is also interested in 
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using the developed platform to explore the targeting of other immune cell types and sur-

face markers to deliver therapeutically relevant mRNA. 

In vivo reprogramming of specific cell types such as T lymphocytes is an emerging and 

rapidly growing field as indicated by several recent published studies [129, 133, 135, 139, 

162]. However, to our knowledge, this is the first report demonstrating an antibody-tar-

geted LNP system to specifically deliver CAR-encoding mRNA to various T-cell subsets 

directly in vivo to treat hematological malignancies. 

In conclusion, our work demonstrates an efficient and highly adaptable LNP-based plat-

form that can be utilized to specifically deliver relevant mRNA therapeutics to T-cells. The 

report shows that the approach can be used to reprogram T-cells to become functional can-

cer-killing CAR-T cells demonstrating one of many applications for which this strategy 

can be utilized. In general, this platform holds promise for becoming a first-in-class “off-

the-shelf” CAR-T cell therapy, overcoming significant economic and biological barriers 

associated with current approved ex vivo CAR-T therapies. 
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II.7 | Figures 

 
Figure II-1. Concept of reprogramming T-cells into CAR-Ts in vivo using targeted LNPs.  

LNPs specifically engage with the T-cell through an inserted targeting moiety, which allows for receptor-

mediated endocytosis. The ionizable lipid drives endosomal escape of the mRNA payload that then be-

comes available for translation into the encoding CAR-construct. PEG, polyethylene glycol; CAR, chimeric 

antigen receptor; LNP, lipid nanoparticle. Created with BioRender.com. 
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Figure II-2. LNP characterization.  

a) The zeta potential, b) size-distribution, and polydispersity index (PDI) was measured using a Zetasizer. 

c) The RNA encapsulation efficiency was quantified using a Quant-iT RiboGreen RNA Assay Kit. Meas-

urements were performed in triplicate. Means ± SD are depicted. GFP, green fluorescent protein. 
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Figure II-3. In vitro T-cell targeting and mRNA expression.  

a) Illustration of the primary T-cell transfection workflow evaluated by Flow Cytometry. b) The T-cell via-

bility, c-d) LNP association, e-f) and GFP expression was assessed after transfection with anti-CD3 (SP34) 

or anti-CD8 (TRX2) constructs and compared to a non-targeted LNP control (mutOKT8). g) Microscopy 

was performed evaluating LNP association (pink) and GFP expression (green) in T-cells transfected with 

CD3-targeting LNPs. The nuclei were stained with Hoechst (blue). Assays were performed in triplicate. 

Shown are mean values ± SD. PBMCs, peripheral blood mononuclear cells. Created with BioRender.com. 
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Figure II-4. Effect of LNP-targeting moieties on human T-cells.  

a-b) The upregulation of the early activation marker, CD69, secretion of c) IFN-gamma, d) TNF-alpha, and 

e) IL-10, f-i) and gene regulation evaluated with the Nanostring CAR-T Characterization panel was as-

sessed after transfection with anti-CD3 (SP34) or anti-CD8 (TRX2) constructs and compared to a non-tar-

geted LNP control (mutOKT8). Displayed p-values are from two-way ANOVA p<0.05. N = 3 biologically 

independent samples. Data are mean ± SEM. 
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Figure II-5. LNP targeting specificity and efficiency in human whole blood.  

LNP association was measured by DiI intensity and transfection efficiency evaluated by GFP expression in 

a-b) granulocytes, c-d) CD4+ T-cells, e-f) CD8+ T-cells, g-h) B-cells, i-j) and NK cells in human whole 

blood. N = 9 biologically independent samples. Data are mean ± SEM. 
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Figure II-6. CAR expression in vitro.  

a-b) A dose titration c-d) and a time course was performed to evaluate the transfection efficiency of anti-

CD20 CAR- and CAR X-encapsulating LNPs, respectively, in primary T-cells. e-g) Cytokine secretion was 

measured by MSD in supernatants from CAR-transfected T-cells 24 hours post-transfection. Assays were 

performed in triplicate. Shown are mean values ± SD. 
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Figure II-7. In vivo reprogramming of CAR-T cells mediated by targeted LNPs.  

a) Schematic of the in vivo workflow illustrating that mice were first intravenously injected, then organs 

were harvested, processed, and stained before the expression of the mRNA payload was assessed by Flow 

Cytometry. mCherry expression was evaluated in b-f) CD8+ T-cells g-k) and CD4+ T-cells while the level 

of CAR expression was assessed in the CD8+ T-cells in the various organs. N = 4, 5 biologically independ-

ent mice per condition. Data are mean ± SEM. Displayed p-values are from one-way ANOVA p<0.05. I.V., 

intravenous; BM, bone marrow; WB, whole blood. Created with BioRender.com. 
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Figure II-8. CAR-specific killing of target cancer cells.  

The level of CAR-mediated target cell killing was evaluated against the Raji, Nalm6, and K562 cell lines 

with a-f) CAR X and, g-l) anti-CD20 CAR constructs, respectively, expressed by primary T-cells via anti-

CD3 (SP34) or anti-CD8 (TRX2) targeted LNP delivery. m) Phenotyping of T-cells from cytotoxicity ex-

periment. Naïve T-cells were gated as CD45RA+, CD45RO-, CCR7+, CD62L+. Central memory T-cells 

were gated as CD45RA-, CD45RO+, CCR7+, CD62L+. Effector memory T-cells were gated as CD45RA-, 

CD45RO+, CCR7-, CD62L-. Assays were performed in triplicate. Shown are mean values ± SD. TN, naïve 

T-cells; T CM, central memory T-cells; T EM, effector memory T-cells.  
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II.8 | Supplemental Figures 

  
Supplemental Figure II-1. T-cell proliferation after LNP-mediated CAR delivery.  

T-cell proliferation was assessed in co-cultured T-cells (E:T = 4:1) by intracellular Ki67 staining and evalu-

ated by Flow Cytometry. Assay was performed in triplicate. Shown are mean values ± SD. 
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Supplemental Figure II-2. B-cell aplasia in vivo.  

a-e) Human B-cell counts were evaluated by Flow Cytometry in CAR-treated groups and compared to non-

CAR treated groups. N = 4, 5 biologically independent mice per condition. Data are mean ± SEM. BM, 

bone marrow; WB, whole blood. 
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Supplemental Figure II-3. Quantification of CD20 target antigen.  

CD20 antigen expression was quantified in target cancer cells by Quantibrite™. Measurements were per-

formed in triplicate. Shown are mean values ± SD. 

 

 
Supplemental Figure II-4. Cryo-TEM images of LNPs.  

Cryo-TEM was performed on representative LNPs. Cryo-TEM, transmission electron cryomicroscopy. 
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Supplemental Figure II-5. Kinetics of LNP uptake and transfection.  

a) The LNP uptake b) and mRNA transfection rates was evaluated over time with the IncuCyte SX5 instru-

ment in T-cells transfected with 1 µg/mL CD3- and CD8-targeting LNPs, respectively. Assay was per-

formed in triplicate. Shown are mean values ± SD. 
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Supplemental Figure II-6. CAR-mediated cytotoxicity over time.  

CAR-mediated killing was evaluated over time at various effector-to-target cell ratios in a-b) Raji cells, c-

d) Nalm6 cells, e-f) and K562 cells using the IncuCyte SX5 instrument. Assays were performed in tripli-

cate. Shown are mean values ± SD. 
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Supplemental Figure II-7. CAR-mediated cytotoxicity in multiple cell lines.  

a-c) CD69 expression was assessed in treated T-cells co-cultured with different target cells. CAR-mediated 

cytotoxicity is shown as d-e) histogram overlays f-g) and Flow Cytometry dot plots. Assays were per-

formed in triplicate. Shown are mean values ± SD. 
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Supplemental Figure II-8. CAR-expression visualized by microscopy.  

a-b) Microscopy was performed to visualize CAR expression (pink) and engagement of CAR-T cells with 

target cells (red). The nuclei were stained with Hoechst (blue).  
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capture anti-tumoral BiTEs utilizing IVT mRNA 
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The purpose of this chapter is to demonstrate how murine T-cells can be transiently repro-

grammed to secrete an anti-tumoral BiTE construct. We explore various targeting strate-

gies against murine T-cells and show how the targeting can affect the phenotype of the cell. 

We demonstrate that the technology can drive functional BiTE-mediated tumor cell killing 

and thus tumor regression in vitro and in vivo. 

Ralston Augspurg, Michael Monte, and Rasmus Münter kindly formulated and character-

ized the LNPs used herein.  
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III.1 | Abstract 

Immunotherapies utilizing bispecific T-cell engagers (BiTEs) have shown great promise 

in redirecting T-cells against tumor-specific antigens and inducing lysis. However, due to 

the short half-life of scFvs, current treatment with BiTEs requires continuous infusion to 

maintain therapeutic serum levels. Additionally, despite the clinical success of blina-

tumomab, a first-in-class anti-CD19 x CD3 BiTE construct against hematological malig-

nancies, targeting solid tumors with BiTEs remains a major challenge. Here, we develop a 

platform, using antibody-targeted lipid nanoparticles (LNPs) encapsulating mRNA to re-

program circulating murine T-cells in vivo, thus overcoming these barriers. We show that 

the approach can be utilized to deliver anti-EphA2 x CD3 BiTE-encoding mRNA to T-

cells through an antibody-derived targeting moiety, thereby allowing for repeated dosing 

strategies while circumventing off-cell target mRNA delivery. We further demonstrate that 

the reprogramming of T-cells to secrete BiTEs can drive functional cytotoxicity against an 

EphA2-expressing cancer cell line in vitro and in vivo. Collectively, our approach holds 

strong promise for becoming a broadly applicable and highly adaptable targeting immuno-

therapeutic platform for treating solid tumors. 
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III.2 | Introduction 

Targeted immunotherapeutic strategies against cancers have shown tremendous success 

since first entering the clinic in the 1990s following the approval of the anti-CD20 mono-

clonal antibody (mAb) rituximab for treating non-Hodgkin lymphoma (NHL) [163]. Hav-

ing shown promising pre-clinical and clinical results, one such strategy is the use of 

bispecific T-cell engagers (BiTEs) [164, 165]. BiTEs are a subclass of bispecific antibod-

ies, consisting of two scFvs linked by a peptide chain, simultaneously binding a tumor 

antigen and a molecule on the T-cell surface to redirect the T-cell to induce tumor cell lysis 

[166]. Currently, recombinant BiTEs are exogenously administered, and owing to the lack 

of an Fc portion responsible for neonatal Fc receptor-mediated recycling, the protein has a 

short half-life and is thus rapidly cleared from circulation [167]. As a result, recombinant 

BiTEs are administered by continuous intravenous infusion over long periods making the 

mode of application a drawback of the therapy [163]. In addition, patient exposure to high 

systemic doses has resulted in severe cytokine release syndrome (CRS) and neurotoxicity 

[168-170]. 

Ephrin receptor A2 (EphA2) is a key regulator of tumorigenesis in multiple cancers and 

previous studies have shown EphA2 to be a promising therapeutic target in various human 

malignancies [171]. EphA2 is upregulated in human tumor tissue as well as in established 

cancer cell lines with a relatively low expression in normal tissue. Additionally, elevated 

receptor expression is often associated with poor prognosis and reduced survival of tumor 

patients [172-174]. Anti-EphA2 x CD3 BiTEs have been studied previously, e.g. using 

strategies focused on the administration of the recombinant protein [175] or infusion of ex 
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vivo genetically modified T-cells secreting the BiTE [176]. Besides the already mentioned 

drawbacks of exogenously administered BiTEs, ex vivo gene-editing and adoptive T-cell 

therapy require cumbersome and expensive laboratory processes [177]. 

In vitro transcribed (IVT) mRNA has, in recent years, proven as a promising technology 

to express encoding proteins in cells, making it a desirable alternative to DNA-based prod-

ucts. By utilizing IVT mRNA researchers allow for transient protein expression without 

causing integration into the genome [149, 150]. However, to function in vivo, effective and 

stable delivery platforms, protecting the mRNA from degradation and allowing for cellular 

uptake, are required [100]. One such delivery system that has entered the clinic and proven 

successful is lipid nanoparticles (LNPs) [98, 105, 151]. Here, the recent authorization of 

two coronavirus disease 2019 (COVID-19) vaccines [68, 152] utilizing LNPs to deliver 

mRNA stands out as noticeable examples. However, specific systemic delivery of mRNA 

to other cell types than hepatocytes and Kupffer cells of the liver remains a major challenge 

[153, 154]. 

Recently, Rurik et al. reported mRNA delivery to T-cells in vivo via CD5-targeted LNPs 

to treat cardiac disease [134]. Additionally, Tombácz et al. showed mRNA transfection of 

CD4+ T-cells using CD4-targeted LNPs [133]. Finally, Parayath et. al. in the Stephan lab 

at the Fred Hutchinson Research Center efficiently reprogramed CD3+ and CD8+ T-cells 

using IVT mRNA encapsulating polymeric nanoparticles [138]. However, to our 

knowledge, no compelling evidence exists of utilizing targeted LNPs to specifically repro-

gram various T-cell subsets to secrete and capture BiTEs and thereby achieve an anti-tu-

moral response. 
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Here, we describe a novel approach to selectively reprogram subsets of murine T-cells in 

vitro and in vivo by delivering IVT mRNA via antibody-targeted LNPs. We demonstrate 

the clinical relevance of the platform by showing a “secrete-and-capture” strategy, specif-

ically delivering anti-EphA2 x CD3 BiTE-encoding mRNA to T-cells and report functional 

BiTE-mediated tumor cell killing and tumor regression in vitro and in vivo, respectively. 

 

III.3 | Materials and methods 

mRNA Design and Synthesis 

mRNA was produced by Vernal Biosciences (Vermont, US). Briefly, GFP-, Fluc-, and 

anti-EphA2 x CD3 Bi-specific T-cell Engager (BiTE)-encoding mRNA were in vitro-tran-

scribed, poly-A tailed, and capped (Cap1). Amino acid sequences for anti-mouse CD3 and 

EphA2 scFvs were derived from public sources (500A2 Genbank AAB81028.1, 

AAB81027.1; KT3 Genbank AVW80143.1; 2C11 EF063578.1; EphA2 Uniprot P29317). 

BiTE mRNAs were designed with a mouse kappa chain-derived signal peptide, a 3x(G4S) 

linker between the VH and VL domain of each binder, a 4x(G4S) linker between the two 

binders, and a FLAG-tag (Sequence: DYKDDDDK) at the 5’ end of the binding region. 

 

Lipid Nanoparticle (LNP) Preparation 

LNPs were prepared in a similar fashion to previously published reports [155]. Briefly, 

LNPs were formulated with an encapsulated mRNA payload and lipid blend by mixing an 
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aqueous mRNA solution and an ethanolic lipid solution using an in-line microfluidic mix-

ing process. The lipid components DLin-KC3-DMA (Organix Inc, Massachusetts, US), 

Cholesterol (Dishman, NL), Distearoylphosphatidylcholine (DSPC, Avanti Polar Lipids, 

Alabama, US), and 1,2-Dipalmitoyl-rac-glycero-3-methylpolyoxyethylene glycol-2000 

(DPG-PEG2000, NOF America Corporation, New York, US) were dissolved in anhydrous 

ethanol. mRNA and lipid solutions were mixed using a NanoAssemblr Ignite microfluidic 

mixing device and NxGen mixing cartridge from Precision Nanosystems Inc. (British Co-

lumbia, Canada). Following mixing, ethanol removal and buffer exchange was performed 

on the resulting LNP suspension using a discontinuous diafiltration process. LNPs were 

recovered from the centrifugal device and stored at 4°C for short-term use. Otherwise, LNP 

solutions were spiked with a 49 wt% sucrose stock solution to reach a final sucrose con-

centration of 9.8 wt%. LNPs were then frozen and kept at -80°C for long-term storage. 

 

Fab design and production 

For LNP-targeting Fabs, in both the mouse heavy and light chain constant domains, the 

native interchain disulfide-forming cysteines were mutated to serine (mouse IgG2a CH1 

heavy chain C15S, mouse kappa light chain C107S). Based on sequence homology to hu-

man Fabs, similar mutations to a previous report [156] were introduced into both the heavy 

and light chain to enable a stabilized disulfide linkage while avoiding DSPE-PEG-malei-

mide conjugation (mouse IgG2a CH1 heavy chain F53C, mouse kappa light chain S69C). 

At the end of the mouse CH1, the human IgG1 hinge was used up to the first natural 
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cysteine followed by a 6-his tag (EPKSSDKTHTCHHHHHH), enabling conjugation to 

DSPE-PEG-maleimide and purification by IMAC.  

Variable heavy and light chain amino acid sequences for anti-mouse CD3, TCR, CD8 and 

CD4 clones were derived from public sources (500A2 Genbank AAB81028.1, 

AAB81027.1; KT3 Genbank AVW80143.1; 2C11 EF063578.1; H57 PDB 1NFD, 

YTS105.18.10 PDB 2ARJ; YTS169.4.2.1, YTS156.7.7 and 2.43 AB030195; GK1.5 Gen-

bank AAA51349.1, PMID 16901500). Fabs were produced in HEK, purified by IMAC, 

and formulated into PBS by Biointron (Taizhou, China). 

 

Fab conjugation and LNP post-insertions 

Antibody conjugations to DSPE-PEG were done similarly to previously published reports 

[157, 158]. DSPE-PEG(2k)-Fab conjugate was then combined with base LNPs and placed 

in a ThermoMixer (Eppendorf, Hamburg, Germany) at 37°C at 300 rpm for 4 hours, fol-

lowed by storage at 4°C until use. 

 

Characterization of LNPs 

The LNPs were characterized to determine the average hydrodynamic diameter, zeta po-

tential, and mRNA content (total and dye-accessible). The hydrodynamic diameter was 

determined by dynamic light scattering (DLS) using a Zetasizer model ZEN3600 (Malvern 
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Pananalytical, Malvern, UK). The zeta potential was measured in 5 mM pH 5.5 MES buffer 

and 5 mM pH 7.4 HEPES buffer by laser Doppler electrophoresis using the Zetasizer. 

RNA content of the nanoparticles was measured using Quant-iT RiboGreen RNA Assay 

Kit (Thermo Fisher, Massachusetts, US). Dye-accessible RNA, which includes both non-

incorporated RNA and RNA that is near the surface of the nanoparticle, was measured by 

diluting the nanoparticles to approximately 1 µg/mL mRNA using HEPES buffered saline, 

and then adding Quant-iT reagent to the mixture. Total RNA content was measured by 

diluting the particles to 1 µg/mL mRNA using HEPES buffered saline, disrupting the na-

noparticles by heating them to 60°C for 30 minutes in HEPES buffered saline containing 

0.5% Triton, and then adding Quant-iT reagent. RNA was quantified by measuring fluo-

rescence at 485/535 nm on a SpectraMax M5 Microplate Reader (Molecular Devices, Cal-

ifornia, US) and concentration was determined relative to a contemporaneously run RNA 

standard curve. 

 

BiTE detection by ELISA 

anti-EphA2 x CD3 BiTE secretion was detected and quantified using a sandwich ELISA 

developed in-house. HEK293T cells were electroporated with varying levels of mRNA 

encoding the anti-EphA2 x CD3 BiTE or GFP as a negative control. 24 hours post electro-

poration, 2 mL of supernatants were removed and analyzed for BiTE secretion. Samples 

were added to a 10 kDa regenerated cellulose membrane (EMD Millipore, Massachusetts, 

US) and reduced to 200 µL to concentrate the samples tenfold. Immulon 2HB Flat Bottom 
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plates (Thermo Fisher, Massachusetts, US) were then coated with recombinant mouse 

EphA2 (Sino Biological, Pennsylvania, US) diluted in PBS with 100 µL per well at 3 

µg/mL and incubated overnight at 4°C. After blocking the plate with ELISA BSA Block 

(Bio-Rad, California, US) for 1 hour, 50 µL of sample or recombinant anti-EphA2 x CD3 

BiTE standard was added. After washing with TBS-T, 50 µL of biotinylated mouse anti-

DYKDDDK-tag (Thermo Fisher, Massachusetts, US) diluted in ELISA BSA Block were 

added to the wells at 0.2 µg/mL for 2 hours. Following another wash, 50 µL of Streptavi-

din-HRP diluted in ELISA BSA Block (Thermo Fisher, Massachusetts, US) was added at 

0.25 µg/mL and incubated in the dark for 30 minutes. After extensive washing, 100 µL of 

TMB Substrate solution (Thermo Fisher, Massachusetts, US) was added to each well and 

allowed to incubate in the dark for 5 minutes. The reaction was stopped, and ODs were 

determined at 450 nm using a SpectraMax M5 Microplate Reader (Molecular Devices, 

California, US). 

 

Cell lines 

The EphA2-positive BALB/c colon carcinoma cell line, CT26, and the EphA2-negative 

C57BL/6 melanoma cell line, B16-F10, were purchased from ATCC (Virginia, US). The 

EphA2-positive C57BL/6 colon adenocarcinoma cell line, MC38, was purchased from 

Creative Biolabs (New York, US). All cell lines were maintained according to the manu-

facturer’s recommendations. CT26, B16-F10, and MC38 NucLight red cells were gener-

ated by transducing the respective WT cell lines with the NucLight Red Lentivirus (Essen 

Biosciences, Michigan, US) and selecting transduced cells with puromycin. 
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Mouse experiments 

For experiments performed at Sanofi S.A., female wild-type BALB/c mice were obtained 

at 6 weeks of age from Jackson Laboratory (Maine, US) and housed at Charles River Ac-

celerator and Development Lab (CRADL) (Massachusetts, US). All animal procedures 

were performed in accordance with the National Institutes of Health Guide for the Care 

and Use of Laboratory Animals and were approved by the CRADL Institutional Animal 

Care and Use Committee. For experiments performed at the Technical University of Den-

mark, female wild-type BALB/c mice were purchased at 6 weeks of age from Janvier Labs 

(Le Genest-Saint-Isle, France) and housed at the Department of Health Technology, Tech-

nical University of Denmark (Lyngby, Denmark). All experimental procedures were ap-

proved by the Danish National Animal Experiment Inspectorate and the Institutional Ethics 

Review Board. 

 

Murine T cell generation in vitro 

Following euthanasia by cervical dislocation spleens were harvested, cut into small frag-

ments, and passed through a 70 µm cell strainer. Following wash in cold PBS, splenocytes 

were counted and CD3+ or CD8+ T lymphocytes were purified using direct negative mag-

netic isolation following the manufacturer’s instructions (StemCell Technologies, Vancou-

ver, Canada). Isolated CD3+ or CD8+ murine T-cells were plated in six-well plates at a 

concentration of 1x106 cells/mL in RPMI-1640, supplemented with 10% FBS, 1X ITS, 55 
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µM 2-Mercaptoethanol, and 20 ng/mL recombinant murine IL-2, and 5 ng/mL recombinant 

murine IL-7 (Miltenyi, Bergisch Gladbach, Germany). Cells were rested for at least 2 hours 

at 37°C preceding treatment. For in vitro experiments requiring T-cell activation and ex-

pansion, isolated T-cells were stimulated by CD3/CD28 as previously described by others 

[178]. 

 

In vitro evaluation of CD3-, CD4-, and CD8-dependent uptake in primary 

T-cells 

Prior to LNP treatment, isolated naïve T-cells were seeded into 96-well round bottom plates 

at a concentration of 1x106 cells/mL. Cells were then treated by adding targeted LNPs 

encapsulating mRNA to the cells followed by mixing by pipetting and incubating at 37°C 

for 24 hours. 

Cells were washed in PBS containing 0.5% BSA and 0.1% NaN3 (FACS buffer) for cy-

tometry analysis. After washing, cells were stained with CD4-, CD3-, and CD8-antibodies. 

Staining was performed at 4°C for 30 minutes prior to washing and resuspending in FACS 

buffer. Stained cells were acquired by flow cytometry on a Symphony (BD Biosciences, 

New Jersey, US) running FACSDiva software and further analyzed in FlowJo (BD Biosci-

ences, New Jersey, US). Dead cells were excluded from analysis by using eFluor780 fixa-

ble viability dye (Thermo Fisher, Massachusetts, US). 
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In vitro cytotoxicity 

CD3/CD28-stimulated murine CD8+ T-cells were transfected as described above. Unbound 

LNPs were removed by washing 4 hours post-transfection, and T-cells were co-cultured 

with Cell Trace Violette (CTV)-stained target cells, which were either EphA2+ or EphA2- 

cell lines as described above, at varying effector-to-target cell ratios in T-cell media 

(RPMI-1640, 10% FBS, 1X ITS, 55 µM 2-Mercaptoethanol, 20 ng/mL recombinant mu-

rine IL-2, and 5 ng/mL recombinant murine IL-7). After 48 hours of coculture, supernatants 

were removed for cytokine analysis and cells were stained with anti-CD69-antibody (BD 

Biosciences, New Jersey, US) and eFluor780 fixable viability dye (Thermo Fisher, Massa-

chusetts, US) to assess levels of activation and target cell killing, respectively. Stained cells 

were acquired by flow cytometry on a Symphony (BD Biosciences, New Jersey, US) run-

ning FACSDiva software and further analyzed in FlowJo (BD Biosciences, New Jersey, 

US). The percentage of specific killing was calculated by evaluating the viability of the 

CTV-positive cells at the specific time point and comparing it to the viability of target cells 

alone. 

 

IncuCyte Cytotoxicity assay 

The IncuCyte NucLight Red Lentivirus reagent (Sartorius, Gottingen, Germany) was used 

to transduce CT26 cells following the manufacturer’s protocol. Transduced NucLight Red 

positive cells were selected for using puromycin and >95% purity was confirmed by flow 

cytometry prior to co-culture assays. CD3/CD28-stimulated murine CD8+ T-cells were 
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transfected as described above. Unbound LNPs were removed by washing in PBS 4 hours 

post-transfection. Transfected T-cells were then co-cultured with NucLight Red Lentivirus 

transduced CT26 cells at varying effector-to-target cell ratios in T-cell media (RPMI-1640, 

10% FBS, 1X ITS, 55 µM 2-Mercaptoethanol, 20 ng/mL recombinant murine IL-2, and 5 

ng/mL recombinant murine IL-7) in a 96-well flat-bottom plate. Cancer cell killing was 

monitored in the SX5 IncuCyte every 3 hours. The level of cytotoxicity was quantified by 

normalizing the count of red cells at the individual time points to the count at the initial 

time point. 

 

T-cell gene expression profiles 

Gene expression profiles of LNP-transfected CD8+ T-cells were assessed using nCounter 

Mouse PanCancer Immune Profiling Panel (NanoString Technologies, Washington, US), 

characterizing 770 murine immunology- and cancer-related genes. Briefly, CD8+ murine 

T-cells were isolated and transfected as described above. Cells were lysed using Buffer 

RLT (Qiagen, Hilden, Germany), and cell lysates were treated with Proteinase K (Thermo 

Fisher, Massachusetts, US) prior to hybridization following the manufacturer’s instruc-

tions. 
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Cytokine profiling with MSD 

Cytokine secretion in vitro and in vivo was analyzed by MSD (Meso Scale Diagnostics, 

Maryland, US). For in vitro analysis, supernatants were pulled from cell culture at the re-

spective time point and a custom U-PLEX assay was used for the detection of mouse TNF-

alpha and IFN-gamma following the manufacturer’s instructions. For in vivo analysis, 

blood was drawn at the respective time points into 300 µL Microvette 100 EDTA tubes 

and centrifuged at 500 x g for 10 minutes. Plasma was then collected and analyzed using a 

custom U-PLEX assay for the detection of mouse IL-6, IL-12p70, TNF-alpha, and IFN-

gamma following the manufacturer’s instructions. 

 

In vivo reprogramming, tissue collection, and analysis 

For reprogramming T-cells in vivo, 0.3 mg/kg or 1 mg/kg mRNA encapsulated in LNPs 

was administered intravenously through the tail vein of 6 to 8-week-old female BALB/c 

mice.  

Blood was collected into EDTA-coated collection tubes and red blood cells were lysed 

using Versalyse (Beckman Coulter, California, US). Cells were washed in FACS buffer 

and stained with CD45-, CD4-, CD3-, CD8-, CD69-, CD19-, and CD335-antibodies for 30 

minutes at 4°C. Cells were washed twice in FACS buffer and acquired by flow cytometry 

on an LSRFortessa X-20 (BD Biosciences, New Jersey, US) running FACSDiva software 

and further analyzed in FlowJo. Dead cells were excluded from analysis by using 

eFluor780 fixable viability dye (Thermo Fisher, Massachusetts, US). 
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Spleens and livers were excised, weighed, and processed to single-cell suspensions before 

staining and acquiring by flow cytometry as described above. 

 

Microscopic imaging 

Microscopy of murine CD8+ T-cells was performed on a Nikon TiE microscope with a 

100X objective and analyzed on (Fiji Is Just) ImageJ software. Briefly, isolated naïve T-

cells transfected with CD3/CD8-targeted GFP/DiI LNPs for 24 hours were stained with 

NucBlue™ Live ReadyProbes™ (Thermo Fisher, Massachusetts, US) for 20 minutes at 

37°C before washing and resuspending in Live Cell Imaging Solution (Thermo Fisher, 

Massachusetts, US) for microscopic analysis. 

 

Efficacy study 

6–8-week-old female Balb/c mice were subcutaneously inoculated with 2.5x105 CT26 cells 

into the right flank 7 days prior to treatment initiation. Mice were randomized into treat-

ment groups of n=4 according to tumor size prior to the first treatment dose. Anti-mouse 

PD-1 (clone RMP1-14) (Bioxcell, New Hampshire, US) was administered intraperitone-

ally twice a week for a total of six doses at 10 mg/kg. LNPs or recombinant anti-EphA2 x 

CD3 BiTE were administered by intravenous injection into the tail vein once a week for a 

total of three doses at 0.2 mg/kg. Body weights and tumor sizes were monitored three times 

a week throughout the study period. 
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Statistical analysis 

Statistical significance, comparing two samples, was evaluated using Student’s t test. Anal-

ysis of variance (ANOVA) was used to evaluate statistical significance for multiple com-

parisons followed by Dunnett’s posttest to compare all groups against a single control. 

Statistical analysis was performed using GraphPad Prism. Error bars indicate the standard 

deviation (SD), or the standard error of the mean (SEM) as specified in the figure legend. 

A p value less than 0.05 was considered to be statistically significant. 

 

III.4 | Results 

Designing targeted lipid nanoparticles to deliver mRNA to murine T-cells 

to target solid tumors 

We developed a targeted mRNA delivery system to specifically introduce transient protein 

expression in murine T-cells using lipid nanoparticles (LNPs) (Figure III-1). The commer-

cially available ionizable lipid DLin-KC3-DMA was combined with set ratios of phospho-

lipid, cholesterol, and DPG-PEG and mixed via a NanoAssemblr Ignite microfluidic device 

with mRNA and DiIC18(5) (DiI) to form traceable LNPs (Figure III-2a-c). The base LNPs 

were post-inserted with anti-CD3, -CD4, and/or -CD8 Fab conjugates to form T-cell tar-

geting LNPs. 
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Assessing viability, LNP association, and mRNA transfection in primary 

T-cells 

The resulting LNPs were first verified to not cause toxicity in isolated naïve murine T-cells 

as opposed to transfection by electroporation. The viability was shown to be maintained in 

T-cells treated with targeted LNPs in comparison to untreated T-cells (Figure III-3a). Next, 

the association of LNPs to specific T-cell subsets was assessed by evaluating the signal of 

the incorporated DiI dye. 24 hours post-transfection, an increased DiI mean fluorescence 

intensity (MFI) signal was observed in the T-cell subset corresponding to the specific tar-

geting moiety (Figure III-3b-e). Interestingly, by evaluating the DiI signal in the specific 

subsets over time, the intensity peaked at 48 hours for CD8-targeting whereas the levels 

were maintained at the time points tested for the CD4-targeting LNPs (Supplemental Fig-

ure III-3) indicating altered kinetics for different targets. In addition, these experiments 

confirm that the targeted LNPs associate with their matching T-cell subset through the 

targeting moieties and not non-specifically through the LNP formulation itself. 

To evaluate mRNA transfection and not solely LNP association, we then assessed the abil-

ity of the targeted LNPs to deliver mRNA encoding the reporter protein enhanced green 

fluorescent protein (GFP) to primary T-cells. Analogous to the particle association data, 

increased GFP expression was observed in the targeted T-cell subsets over the subsets neg-

ative for the specific targeting moiety (Figure III-3f-i). Additionally, to investigate whether 

CD3 and CD8 co-targeting could work in synergy and thereby increase the mRNA delivery 

efficiency over CD3 and CD8 single targeting, we treated T-cells with LNPs post-inserted 

with both anti-CD3 and anti-CD8 Fabs. Co-targeting proved to increase GFP expression 
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significantly in CD4- T-cells compared to CD3 single targeting (p < 0.001) and CD8 single 

targeting (p < 0.001), respectively (Figure III-3h). Finally, by evaluating GFP expression 

over time, a peak of expression intensity could be observed at 24 hours for CD8-targeting 

LNPs whereas the levels for CD4-targeting were maintained throughout the time course 

again suggesting that the uptake kinetics are related to the targeting moiety (Supplemental 

Figure III-3). 

 

CD3-targeting LNPs causes T-cell activation 

To investigate whether the different targeting moieties change the state of the T-cells and 

thereby their phenotype we next conducted a series of experiments evaluating upregulation 

of activation markers, secretion of cytokines, and expression of various genes associated 

with T-cell activation. Here, we first observed a clear upregulation of the early activation 

marker, CD69, by flow cytometry in the CD3- and CD3/CD8-targeted groups but not in 

the CD8-targeted group (Figure III-4a). This confirms earlier findings by others demon-

strating that anti-CD3-conjugated LNPs induce T-cell activation and cause a phenotypic 

shift [179]. Similarly, we observed increased levels of IFN-gamma and TNF-alpha in the 

supernatants of T-cells treated with CD3-targeting LNPs (Figure III-4b-c). Additionally, 

when evaluating the T-cell phenotypes 48 hours after LNP treatment, we observed a shift 

from naïve toward memory subsets in groups treated with CD3-targeting LNPs (Figure 

III-4d). Finally, we evaluated the gene expression profiles of the treated T-cells using the 

nCounter Mouse PanCancer Immune Profiling Panel from NanoString Technologies. Sup-

porting the CD69 activation data described previously, we here observed upregulation of 
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genes associated with T-cell activation in the groups treated with CD3- or CD3/CD8-tar-

geting LNPs compared to the group with CD8-targeting LNPs and the untreated group 

(Figure III-4e). 

 

Reprogramming T-cells in vivo 

Having verified the ability of the targeted LNPs to transfect primary T-cells in vitro, we 

next explored the in vivo delivery efficacy using mCherry-encoding mRNA considering 

that GFP has shown to be immunogenic in certain strains of wildtype mice [180]. As for 

the in vitro studies, LNPs were formulated to incorporate DiI to study the association with 

cells. Anti-CD3, -CD4, -CD8, -CD3/-CD8, and untargeted LNPs were intravenously in-

jected into wildtype BALB/c mice through the tail vein at 0.3 mg/kg and 1 mg/kg. Mice 

were euthanized 24 hours after injection and selected tissues (blood, spleen, and liver) were 

harvested, processed, and stained for analysis by Flow Cytometry.  

~78% of CD3+CD8+ T-cells in the blood showed LNP-association when targeted with anti-

CD8 in comparison to untargeted LNPs showing <2% in the same cell population (Figure 

III-5a). Similarly, ~67% of the CD3+CD4+ cell population were DiI-positive in mice 

treated with anti-CD4-targeted LNPs in contrast to ~2% in the group treated with an equal 

dose of untargeted LNPs (Figure III-5b). In contrast to our in vitro experiments, for both 

the CD3+CD4+ and CD3+CD8+ cell subsets, groups treated with anti-CD3- and anti-

CD3/CD8-targeted LNPs showed lower levels of DiI than anti-CD4- or anti-CD8-targeted 

LNPs. T-cell frequencies after treatment were shown to be reduced in the blood but not in 
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the liver and spleen for groups treated with anti-CD3- and anti-CD3/CD8-targeted LNPs 

(Supplemental Figure III-4a-c) suggesting that anti-CD3-targeted LNPs triggers T-cell de-

pletion in the blood. To confirm our in vitro findings, we then investigated whether CD69, 

an early surface marker of T-cell activation after TCR/CD3 complex engagement, was up-

regulated [181]. Here, we found that CD69 levels were increased in mice treated with anti-

CD3- and anti-CD3/CD8-targeted LNPs over other groups (Supplemental Figure III-4d-f). 

Similarly, in the spleen, a specific targeted-dependent cell association trend was observed 

for all groups treated with targeted LNPs over non-targeted LNPs (Figure III-5e-f). In con-

trast, T-cell subsets in the liver showed higher levels of non-specific LNP association (Fig-

ure III-5i-j). 

Next, we evaluated the mRNA transfection efficiency by assessing the levels of mCherry 

protein expression encoded in the encapsulated mRNA. Here, we observed significant 

transfection (p < 0.05) in groups treated with anti-CD3- and anti-CD3/CD8-targeted LNPs 

in all tissues analyzed (Figure III-5c-d, g-h, and k-l) demonstrating that mRNA can be 

specifically and effectively delivered to T-cells in vivo. Additionally, the biodistribution 

and thus the effect of the active targeting moiety was investigated by IVIS. From these 

experiments, a clear trend could be observed that active targeting enabled increased trans-

fection in the spleen and lymph nodes, known to be common T-cell populated tissues (Sup-

plemental Figure III-5) [178, 182]. 

Taken together, from assessing LNP association and mRNA transfection, the data indicate 

that elevated levels of specific mRNA delivery to T-cells can be achieved both in vitro and 

in vivo. In addition, unlike the in vitro data, CD3-targeting was shown to be superior to 
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other single receptor targeting strategies for achieving increased mRNA expression in T-

cells in vivo. 

 

BiTE clone selection 

To demonstrate a clinical application of the delivery platform, we next designed BiTEs 

encoding an anti-EphA2 ScFv linked to one of three anti-CD3 scFvs derived from the 

2C11, KT3, and 500A2 clones, respectively. To select a lead construct with an optimal 

safety profile we screened the three BiTEs in T-cells and evaluated the T-cell viability and 

level of cytokine secretion without target engagement. Here, we observed a drop in viabil-

ity and upregulation of CD69 when treating T-cells with the KT3 clone BiTE construct 

(Figure III-6a-b). Additionally, we observed increased levels of IFN-gamma and TNF-al-

pha in the supernatants of T-cells treated with the same BiTE construct (Figure III-6c-d). 

The two additional constructs, derived from the 2C11 and 500A2 clones, respectively, were 

comparable in the parameters tested with the 2C11 clone construct showing a slight in-

crease in CD69 expression evaluated by Flow Cytometry over the 500A2 clone construct 

(Figure III-6b). Taken together, these in vitro experiments indicate that the 500A2 clone 

construct has a superior safety profile over the other screened constructs. 
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BiTE-encoding mRNA translation and protein secretion 

After establishing efficient mRNA delivery to T-cells in vitro and in vivo by evaluating 

reporter protein expression, BiTE-encoding mRNA was in vitro transcribed and purified 

by Vernal Biosciences. Since the BiTEs would likely be secreted and captured by the CD3+ 

T-cells and not allow for protein detection in the supernatants, we decided to electroporate 

HEK293Ts with the naked mRNA. After electroporating HEK293T cells with varying con-

centrations of BiTE mRNA, supernatants were pulled and analyzed by ELISA to evaluate 

levels of protein secretion. Here we observed that the BiTE protein was secreted in a dose-

dependent manner thus validating the ability of the designed BiTE mRNA to be translated 

and secreted (Figure III-6e). 

 

BiTE-mediated target cell killing and cytokine release 

Given the efficient reporter protein expression in vitro and in vivo and after having verified 

the ability of the BiTE mRNA to be translated and secreted, we next evaluated whether the 

delivery platform could drive functional BiTE-mediated target cell killing. 

By co-culturing LNP-transfected T-cells secreting and capturing an anti-EphA2 x CD3 

BiTE with the mouse colon carcinoma EphA2+ cell line, CT26, we looked to assess specific 

cancer cell killing over time with the IncuCyte SX5 instrument. This was done by evaluat-

ing the number of live target cells at each scanned timepoint in each group and normalizing 

them to the respective T=0 timepoint. Here, we observed statistically significant (p < 0.05) 

increased killing in the BiTE groups over the corresponding non-BiTE mRNA groups 
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(Figure III-7). However, in the same study, we observed that CD3- and CD3/CD8-targeted 

LNPs encapsulating Fluc mRNA showed increased target cell killing in comparison to the 

untreated control groups. 

 

BiTE-LNP drives efficacy in subcutaneous CT26 mouse model 

Having shown that the targeted BiTE mRNA encapsulating LNPs could drive target-me-

diated killing in vitro we next looked to evaluate the platform in a subcutaneous CT26 

efficacy model in vivo. Tumor-bearing mice were injected with CD3/CD8-targeted LNPs 

encapsulating either anti-EphA2 x CD3 BiTE mRNA or Fluc mRNA as a control once a 

week for a total of three doses (Figure III-8a). A separate control group was injected with 

recombinant anti-EphA2 x CD3 BiTE protein at a similar dose (0.2 mg/kg) and dosing 

schedule. Here we observed a statistically significant (p < 0.01) halt in tumor progression 

in the LNP-BiTE-treated group in comparison to the vehicle group (Figure III-8b). No 

other groups showed statistically significant improved survival (p < 0.05) in comparison 

to the vehicle group (Figure III-8). However, though not statistically significant, the PD-1-

treated group showed a trend indicating improved efficacy over the control group. 

 

III.5 | Discussion 

While BiTEs have emerged as a promising treatment for hematologic malignancies, it is 

clear that several challenges remain for BiTEs to become the standard of care in various 

cancers and available to the broad patient population. Especially, when it comes to treating 
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solid tumors, the systemic infusion of recombinant BiTEs has shown low efficacy and se-

vere systemic toxicities [163, 164, 166]. One solution could be to reprogram the patient’s 

T-cells to become BiTE-secreting factories directly in vivo using in vitro transcribed (IVT) 

mRNA and thereby overcoming the challenges associated with the systemic administration 

of recombinant therapeutic proteins. 

Here, we explored an mRNA delivery strategy using targeted lipid nanoparticles (LNPs) 

to transfect and reprogram T-cells. We demonstrate that IVT mRNA can be delivered spe-

cifically to modify T-cells in vitro. Additionally, we show that when administered system-

ically to mice, CD3-, CD4-, and CD8-targeting LNPs can be utilized to specifically deliver 

mRNA and thus reprogram T-cell subsets in vivo. Finally, we show that the systemic de-

livery of targeted LNPs encapsulating functional anti-EphA2 x CD3 BiTE mRNA can halt 

tumor progression in a subcutaneous CT26 solid tumor mouse model. 

Co-targeting of CD3 and CD8 did not improve the transfection efficiency over single tar-

geting of CD3 in vivo. However, a broader range of Fab densities could be assessed in the 

future to optimize and improve the transfection efficiency.  

CD3-, CD4-, and CD8-targeting showed different expression kinetics in our time course 

experiments. Interestingly, this indicates that the mechanism of uptake may vary from tar-

get to target and that a depot effect – the slow release of mRNA into the cytoplasm – can 

be achieved for certain targets, which can result in prolonged protein expression. However, 

additional in vitro studies would be required to confirm this. 
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In vitro, we observed increased activation, cytokine release, and unspecific target cell kill-

ing when T-cells were transfected with CD3-targeting LNPs. The observed unspecific kill-

ing is likely a secondary event following T-cell activation rather than a result of direct 

interaction with the injected CD3-targeting LNPs as the targeting antibody used has been 

shown to be highly specific [183]. In vivo, we observed depletion of T-cells in the blood 

after treating mice with CD3-targeting LNPs, which confirms the phenomenon observed 

and described by others [179]. One mechanism for T-cell depletion after treatment with 

CD3-specific antibodies has been proposed to be activation-induced cell death. However, 

additional studies would be required to further conclude on this matter [184]. 

We chose to target EphA2 and design and encapsulate an anti-EphA2 x CD3 BiTE-encod-

ing mRNA payload in our targeted LNPs. This was based on the strong therapeutic value 

of BiTEs [140, 185, 186] and the validation of EphA2 as a promising target in solid tumors 

[172, 173, 175, 187]. With this, we show that T-cells can be reprogrammed to secrete and 

capture a functional anti-EphA2 x CD3 BiTE using targeted LNPs and thereby mediate 

target-specific cancer cell killing. Follow-up in vivo studies, however, with increased num-

bers of mice per group and additional orthotopic cancer models, are needed to confirm this 

along with optimizing dosing strategies. Nevertheless, these initial proof-of-concept stud-

ies show immense potential for this as a novel anti-cancer immunotherapy strategy. 

In situ reprogramming of specific cell types such as T lymphocytes is an emerging and 

rapidly growing field as indicated by several recently published studies [129, 133, 135, 

139, 162]. However, to our knowledge, this is the first report demonstrating a targeted LNP 

system to specifically deliver BiTE encoding mRNA to various T-cell subsets. In 
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conclusion, this platform holds promise for becoming a first-in-class alternative to current 

BiTE therapies to treat solid tumors, overcoming significant biological barriers, and easing 

the patient burden associated with current BiTE treatments. 
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III.7 | Figures 

 
Figure III-1. Schematic of how targeted LNPs can be utilized to reprogram T-cells to se-

crete BiTEs.  

First, LNPs engage with the T-cell through the inserted protein-based targeting moiety of interest. The tar-

get engagement allows for receptor-mediated endocytosis, which results in mRNA escape driven by the 

ionizable lipid. After being translated into the encoding protein, the BiTE is secreted and engages the T-cell 

with the target cell mediating cancer cell killing. Created with BioRender.com. 



 

 

90 

 
Figure III-2. LNP characterization.  

a) The zeta potential, b) size-distribution, and polydispersity index (PDI) was measured using a Zetasizer. 

c) The RNA encapsulation efficiency was quantified using a Quant-iT RiboGreen RNA Assay Kit. Meas-

urements were performed in triplicate. Means ± SD are depicted. GFP, enhanced green fluorescent protein. 
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Figure III-3. T-cell transfection in vitro.  

Naïve primary CD3+ murine T-cells were treated with targeted LNPs or transfected by electroporation. a) 

T-cell viability, b-e) DiI association, and f-i) GFP expression was assessed 24 hours after treatment by flow 

cytometry. Displayed p-values are from one-way ANOVA p<0.05. Assays were performed with n = 4 bio-

logically independent replicates. Shown are mean values ± SD. 
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Figure III-4. Targeting effect on T-cell phenotype.  

T-cell activation, cytokine release, gene expression, and phenotyping after treatment with different target-

ing moieties. a) The upregulation of the early activation marker, CD69, the secretion of b) IFN-gamma and 

c) TNF-alpha, f-i) and the gene expression was assessed after transfection with anti-CD3 and/or anti-CD8 

constructs. Naïve, naïve T-cells; SCM, stem cell-like memory T-cells; CM, central memory T-cells; EM, 

effector memory T-cells. Displayed p-values are from two-way ANOVA p<0.05. N = 3 biologically inde-

pendent samples. Data are mean ± SEM. 
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Figure III-5. LNP-mediated mRNA delivery efficiency to WT Balb/c mice.  

DiI association and mCherry expression in the a-d) blood, e-h) spleen, and i-l) liver 24 hours after intrave-

nous injection was assessed by flow cytometry. N = 4, 5 biologically independent mice per condition. Data 

are mean ± SEM. Displayed p-values are from one-way ANOVA p<0.05. 
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Figure III-6. BiTE construct selection.  

The a) T-cell viability, b) CD69 expression, c-d) and cytokine secretion levels were evaluated after treat-

ment with different BiTE constructs. e) The level of BiTE secretion from HEK293T cells was quantified by 

ELISA. Assays were performed with n = 3 biologically independent replicates. Shown are mean values ± 

SD. 
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Figure III-7. In vitro cytotoxicity with various targeting moieties.  

The level of BiTE-mediated cancer cell killing was assessed against the CT26 cell line with a) anti-CD3, b) 

anti-CD3/CD8, c) anti-CD4, and d) anti-CD8 mediated LNP delivery, respectively, evaluated with an SX5 

IncuCyte instrument. r500A2, recombinant 500A2/EphA2 BiTE protein. Displayed p-values are from one-

way ANOVA p<0.05. N = 3 biologically independent samples. Data are mean ± SEM. 
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Figure III-8. Efficacy in a subcutaneous CT26 model.  

a) Schematic illustrating the dosing schedule. b) The probability of survival from different treatments is il-

lustrated in a Kaplan-Meier curve. c-g) The individual tumors were measured every 2-3 days throughout 

the study. h) Bodyweights were assessed every 2-3 days throughout the study. Statistical analysis was per-

formed using the log-rank test. N = 4 biologically independent animals per group. Data are mean ± SEM. 

rBiTE, recombinant 500A2/EphA2 BiTE protein. Created with BioRender.com. 
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III.8 | Supplemental Figures 

 
Supplemental Figure III-1. Target screening and antibody density optimization.  

The targeting antibody density was optimized by transfection in isolated naïve CD3+ T-cells evaluating DiI 

association and GFP expression for a-b) three anti-CD8 targeting clones, c-d) four anti-CD3 or anti-TCR 

targeting clones, e-f) one anti-CD4 targeting clone, and g-h) five anti-CD3/anti-CD8 targeting combina-

tions. Assays were performed with n = 3 biologically independent replicates. Shown are mean values ± SD. 
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Supplemental Figure III-2. Transfection visualized by microscopy.  

Microscopy was performed evaluating LNP association (pink) and GFP expression (green) in murine T-

cells transfected with CD3/CD8-targeting LNPs. The nuclei were stained with Hoechst (blue). 
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Supplemental Figure III-3. Expression time course and dose titration in vitro.  

The lead targeting moieties were evaluated in a-g) a time course study and h-n) a dose optimization study 

assessing DiI association and GFP expression by Flow Cytometry. Experiments were performed with n = 3 

biologically independent replicates. Shown are mean values ± SD. 
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Supplemental Figure III-4. T-cell counts and activation in vivo.  

The number of T-cells and the level of CD69 expression was assessed in a-b) the blood, c-d) the spleen, e-

f) and the liver and evaluated by Flow Cytometry. N = 4, 5 biologically independent mice per condition. 

Data are mean ± SEM. 
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Supplemental Figure III-5. Biodistribution of CD3/CD8-targeted LNPs.  

The biodistribution of anti-CD3/CD8 targeting LNPs encapsulating firefly luciferase-encoding mRNA was 

assessed in Balb/c WT mice. a-c) The total flux [p/s] in individual organs was evaluated and compared be-

tween groups after acquiring images ex vivo by IVIS. N = 3 biologically independent mice per condition. 

Data are mean ± SEM. Displayed p-values are from two-way ANOVA p<0.05.  
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Chapter IV | Concluding Remarks and Future Directions 

Our understanding of cancer immunology is continuously improving, enabling the devel-

opment of novel immunotherapeutic strategies. Immunotherapy is now a standard pillar of 

cancer treatment, and the modulation of the patient’s own immune system has truly proven 

to be beneficial. 

Immune checkpoint inhibitors (ICIs) and adoptive cell therapies (ACTs) are immunother-

apeutic approaches for the treatment of various cancers that have received much attention 

in the last decade. Despite the successes and approvals of several immunotherapies, many 

cancer patients are non-responders, or their response is short-lived due to the development 

of resistance to the treatment [11, 34]. Additionally, the costs associated with currently 

approved immunotherapeutic drugs are substantial, which further limits access to treatment 

for many patients [188]. Thus, continuous efforts to engineer and develop novel immuno-

therapeutic strategies to overcome these barriers are needed. 

Here, we developed strategies to reprogram the immune system to target cancer cells. First, 

we demonstrated how targeted lipid nanoparticles (LNPs) can be engineered to deliver an 

mRNA payload specifically to T-cells. Next, we showed how this technology can be uti-

lized to reprogram human T-cells directly in vivo to express a functional chimeric antigen 

receptor (CAR) with the goal to treat B-cell malignancies (Chapter II). Finally, we devel-

oped a strategy to target solid tumors by reprogramming murine T-cells to secrete and cap-

ture a Bispecific T-cell Engager (BiTE) that specifically targets Ephrin receptor A2 

(EphA2) (Chapter III). Thus, the immunotherapeutic strategies developed in this thesis im-

pact multiple steps of the Cancer-Immunity Cycle both directly and indirectly (Figure I-5). 
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The reprogramming of T-cells to express a CAR enables tumor cell recognition and thus 

directly promotes cycle step 6. Additionally, BiTEs that engage T-cells with a tumor cell 

antigen also promote step 6 of the cycle. Finally, the CAR- and BiTE-reprogramming strat-

egies both mediate cancer cell killing and thus significantly promote step 7, which can 

result in the release of neoantigens and a repeat of the Cancer-Immunity Cycle increasing 

the extent of the response. 

Using mRNA as a strategy to achieve transient expression of a protein of interest has gained 

momentum following the approval of two COVID-19 vaccines. One of the challenges in 

the development of mRNAs for use as therapeutics in comparison to vaccines, involves 

achieving sufficient levels of protein expression to reach a therapeutic threshold [70]. Mod-

ifications to the mRNA that enhances the stability and expression of the encoded protein 

can be incorporated into the in vitro transcription (IVT) process. Such changes, including 

nucleotide modifications, untranslated region (UTR)- and codon optimization, 3’ polyad-

enylation, and 5’ capping have been incorporated into the mRNAs used in the work de-

scribed here. However, one factor that is not included or described in this work but is of 

great interest to our group involves the removal of dsRNA impurities from the IVT process. 

Thus, significant work is currently being conducted to develop purification methods that 

remove residual dsRNA. With the relatively high mRNA doses required for therapeutic 

use compared to the use for vaccines, we believe that it is of substantial importance to 

remove any small traces of dsRNA that may elicit an undesired innate immune response as 

we are moving toward the clinic. Additionally, the possible traces of dsRNA in an mRNA 

vaccine may serve as a built-in adjuvant to boost the desired immune response, whereas in 
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a therapeutic that is administered systemically, this may trigger an unwanted innate im-

mune response [70, 189, 190]. 

As previously mentioned, the use of CAR T-cells to target specific diseases has shown 

impressive clinical responses in patients with hematologic malignancies [16]. Thus, we 

believe that our strategy for reprogramming CAR-T cells in vivo holds promise as an off-

the-shelf monotherapy for blood cancers. However, targeting solid tumors remains a sig-

nificant challenge. We are interested in combining the solid tumor strategy described herein 

with immunotherapies targeting other cell types, as provoking an anti-tumor response in 

multiple immune cell subsets may prove beneficial in overcoming the suppressive tumor 

microenvironment (TME) [191]. Here, the approach explored to treat solid tumors may 

rely on a combination of the enhanced permeability and retention (EPR) effect to achieve 

LNP accumulation, and thus direct transfection, in the tumor and T-cell migration to the 

tumor site of T-cells that have been transfected in circulation. Currently, we are investigat-

ing other strategies to treat solid tumors where we aim to transfect immune cells in circu-

lation and then facilitate increased migration of transfected cells into the TME through the 

mRNA payload resulting in improved anti-tumor response. 

For our CAR T-cell strategy, we show promising indications that functional CAR expres-

sion can be achieved in vivo. However, we understand that more elaborate and appropriate 

efficacy studies in orthotopic animal models are needed. One model, which is commonly 

used to study CAR T therapies, is the B-cell non-Hodgkin lymphoma (NHL) model using 

Raji cells [192]. Currently, we are working to establish this model in-house to evaluate the 

level of target cell cytotoxicity that our platform can drive in vivo. Additionally, we are 
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currently evaluating various dosing schedules for the lead drugs to investigate what level 

of CAR expression can be achieved upon repeated dosing. Related to repeated dosing, we 

are aware of the importance of evaluating and closely monitoring the production of anti-

drug and anti-PEG antibodies that may result in accelerated blood clearance of the drug 

(ABC phenomenon) [193-195]. Finally, a major focus of our upcoming studies will be to 

investigate the safety of the developed therapy. Here, we will perform dose-escalation stud-

ies to identify the lowest dose that is pharmacologically active, the maximum tolerated 

dose, and whether any dose-limiting toxicities are observed. 

We are interested in expanding our BiTE approach to other EphA2-expressing syngeneic 

tumor models such as the murine Lewis carcinoma, LL-2, model and eventually translating 

the strategy into a human system, targeting EphA2-positive cell lines such as the ovarian 

cancer cell line, SKOV3 [187]. 

Based on our preclinical data, we believe that the platform holds promise for being utilized 

to treat a range of diseases in the future. However, several potential limitations will first 

need to be addressed. Although LNPs encapsulating mRNA have been clinically validated 

and broadly used as vaccines, there are still questions that remain to be answered regarding 

their use as therapeutics. First, the safety profile upon repeated dosing will need to be as-

sessed through clinical trials. Additionally, clinical studies will help determine whether a 

therapeutic threshold that results in a desired sufficiently efficacious anti-target response 

can be achieved. Finally, a CMC-related challenge that is beyond the scope of this disser-

tation but needs to be addressed involves producing (and reproducing) the drug at scale. 
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Looking beyond the developed platform, messenger RNA only provides one example of 

how RNA can be utilized for drug development. Other strategies for delivering RNA ther-

apeutics to immune cells exist and are currently being explored. These include small inter-

fering RNA (siRNA) micro-RNA (miRNA), circular RNA (circRNA), and self-amplifying 

RNA (saRNA) [196-198]. siRNA and miRNA can be utilized to inhibit the production of 

disease-related proteins with an example being Onpattro, which was approved by the FDA 

in 2018 to treat hereditary transthyretin-mediated amyloidosis [107]. The aim of saRNA 

and circRNA is to increase translation and thus protein yield in comparison to linear 

mRNA. Companies, including Orna Therapeutics and Replicate Bioscience, are currently 

interested in exploring these strategies to develop drugs to treat cancers and autoimmune 

diseases. 

Currently, LNPs are the most frequently used carrier for mRNA delivery. However, other 

viral- and non-viral-based strategies to deliver nucleic acids are being explored. One viral-

based approach is the utilization of retroviral transduction, such as γ-retrovirus or lentivi-

rus, to deliver a payload to the patient’s cells ex vivo. This strategy is being exploited for 

all the currently FDA-approved autologous CAR products [199]. Adeno-associated viruses 

(AAVs), polymeric nanoparticles, and exosomes are additional examples of viral and non-

viral vehicles that are currently being explored by others for CAR reprogramming in vivo 

[200, 201]. Generally, the use of non-viral vectors, such as LNPs, for nucleic acid delivery 

is safer than viral vectors due to the absence of immunogenic viral proteins [202, 203]. 

In 1945, William Woglom, director of the Cancer Institute at Columbia, accurately said: 

“Some may not realize how difficult the problem of [cancer] treatment really is – it is 
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almost, not quite, but almost as hard as finding some agent that will dissolve away the left 

ear, say, yet leave the right ear unharmed – so slight is the difference between the cancer 

cell and its normal ancestor” [204]. Thus, is important to emphasize that cancers are indi-

vidual and patient-specific diseases. As cancer develops from within and with the endless 

number of possible genetic combinations and thus alterations, a therapy that proves suc-

cessful in one cancer patient may not have the desired effect in another. Consequently, 

continuous efforts to develop new therapeutics are crucial to benefit a broader patient pop-

ulation for whom treatments are not currently available or accessible. 

In conclusion, we have developed and demonstrated the effect of such therapeutics pre-

clinically, and believe that once implemented in the clinic, these drugs will provide low-

cost, practical, and broadly applicable ways to treat cancers that are not available at the 

time of writing this thesis. In the near term, we see our CAR-T approach having a tremen-

dous impact on patients with B-cell malignancies for whom autologous CAR-T therapies 

are currently not accessible due to substantial associated treatment costs. Given that the 

platform is dynamic, being the ability to change the payload and the targeting moiety, we 

believe that our technology can lead to the development of novel modalities in the future. 

Thus, we predict that the technology can be used to not only treat other cancers such as 

solid tumors but also help patients with autoimmune- and infectious diseases and thereby 

be available to an even increased patient population. 
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