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Abstract 

RNA-based therapeutics are on the rise as a re-emerging technology bolstered by 

the SARS-CoV-2 pandemic. However, issues such as storage, protein expression, and 

delivery are major challenges for the broad applicability. To address this issue, non-viral 

RNA replicon delivery systems can induce transient gene expression of 

immunomodulators and open the door to numerous potential targets that were once not 

viable due to dose-limiting toxicities affecting safety and efficacy. To that end, this work 

targets  IL-18, a pleiotropic proinflammatory cytokine, which has been primarily viewed 

as a prognostic marker of various diseases like atherosclerosis, arthritis, diabetes, and 

cancer. In combination with another cytokine (IL-12), IL-18 is capable of enhancing the 

production of IFN-γ critical for anti-tumor immune responses. First, the synthesis of RNA 

replicons through in vitro transcription, characterization, and validation of IL-18 RNA 

replicons is described. Next,  IL-18 RNA replicons are encapsulated in lipid nanoparticles 

and their function is analyzed using a melanoma cell line. Lastly, evidence of synergy 

between RNA replicons encoding for both IL-18 and IL-12 is shown through the 

production of robust IFN-γ responses in B16F10 co-cultures with naïve splenocytes. These 

studies provide a fundamental understanding to observe transient gene expression and 

synergy of dual expressing cytokines. Lastly, this system has the potential to be a promising 

tool for cancer immunotherapy. 
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Chapter I. 

Introduction 

RNA: A re-emerging technology in oncology 

The age of RNA in cancer immunotherapy 

 In recent years, synthetic ribonucleic acids (RNAs) have reached technological 

milestones which have benefited our understanding of human disease, especially within 

the field of cancer immunotherapy or what is also known as immuno-oncology. A historic 

RNA milestone occurred during the COVID-19 pandemic caused by the spread of the 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) originating from Wuhan, 

China that led to the deaths of at least 2.54 million people globally (WHO Coronavirus 

(COVID-19) Dashboard, n.d.). In the United States, the Food & Drug Administration 

(FDA) granted an Emergency Use Authorization on December 11th, 2020 to Pfizer-

BioNTech for a messenger RNA (mRNA) vaccine encoding for the coronavirus spike 

protein that mediates binding of the virus to host cells (Belouzard et al., 2012). The goal of 

this vaccine was to educate immune cells, the body’s natural defense mechanism, to 

prevent severe disease onset. Pfizer-BioNTech demonstrated that their mRNA vaccine was 

able to elicit protective antibodies with approximately 95% efficacy in reducing SARS-

CoV-2 infections (Polack et al., 2020). Concurrently, Moderna, in collaboration with the 

National Institutes of Health, demonstrated similar efficacy with their mRNA vaccine that 

encodes for a different part of the spike protein and received an Emergency Use 

Authorization from the FDA on December 19th, 2020 (Baden et al., 2021). These two 
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exciting authorizations paved the path forward to the resurgence and public interest in RNA 

research and therapies. Outside of preventative vaccine development, numerous companies 

are working on delivering RNA to combat debilitating chronic diseases like HIV and 

cancer (Blakney et al., 2021; Genentech, Inc., 2021a, 2021b).  

 Investigators have utilized different forms of nucleic acid vaccines so the 

technology is far from novel on its own. Earlier studies of gene therapy have been 

conducted using DNA due to its storage stability and feasibility to mass produce as opposed 

to RNA (C. Zhang et al., 2019). Unfortunately, DNA vaccines performed poorly in clinical 

trials due to the difficult requirement of DNA needing to enter the nucleus and concerns of 

genome integration causing permanent unwanted side effects (Kutzler & Weiner, 2008). 

On the other hand, a major advantage of RNA is that it does not require nuclear entry and 

allows for transient expression of antigenic peptides or proteins within the cytosol (Geall 

et al., 2012; Pascolo, 2008). RNA comes in many different shapes and flavors. The most 

extensively studied RNAs are heavily involved in protein synthesis which include mRNA, 

transfer RNA, and ribosomal RNA (Lodish et al., 2000). Also, some RNAs affect gene 

regulation by post-transcriptional modifications known as regulatory RNAs like small 

interfering RNA, short hairpin RNA, antisense RNA, and many more (Erdmann et al., 

2001). These different flavors of RNA provide investigators a vast tool kit to test 

monotherapies and combination therapies, albeit not without challenges. 

A major challenge that many RNA therapeutics face is the delivery vehicle used to 

get RNA into the target cell and cytosolic access (Donahue et al., 2019). This is due to 

enzymes that catalyze the degradation of RNA called RNases present in the surrounding 

environment that are responsible for the fast clearance of these modalities (Wadhwa et al., 
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2020). To circumvent the degradation of RNA, various encapsulation methods have been 

pursued to improve the biodistribution of RNA therapies through the use of synthetic 

materials like lipid-based nanoparticles (Pardi et al., 2015). Another limitation is that 

RNA—particularly mRNA— may not generate potent responses on its own as strong and 

durable responses depend on the number of mRNA transcripts delivered to cells (Fuller & 

Berglund, 2020; Vogel et al., 2018). To that end, self-amplifying non-viral RNA replicon 

vaccines have been developed. These next-generation RNA platforms utilize self-

replicating single-strand RNA virus machinery to produce multiple copies of the 

gene/protein of interest without generating infectious progeny unlike traditional viral 

particles (Geall et al., 2012; Lundstrom, 2018). A more detailed analysis of self-amplifying 

RNA replicons will be discussed later in this introductory chapter. 

 How has RNA revolutionized oncology and cancer immunotherapy? Traditionally, 

standard of care in the clinic relies on chemotherapy and surgical removal of the bulk 

malignancy, if possible. An emerging approach to cancer treatment—immunotherapy—

does not treat cancer, but primarily targets the immune system to elicit an anti-tumor 

response against cancer cells (Moynihan, 2017). Utilizing self-amplifying RNA replicons 

that encode for a gene of interest is an advantageous strategy over traditional transient 

expression systems. This strategy will allow for the gene of interest to be translated into 

protein continuously in situ rather than administrating recombinant proteins directly which 

may have dose-limiting toxicities compared to endogenous production controlled by pre-

existing thresholds and biological limits. Moreover, self-amplifying RNA replicons can 

prolong protein production without the adverse side effect of permanent expression which 
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is a major concern for long-term safety.  Overall, RNA replicons have the potential to 

revolutionize immunotherapy. 

A brief overview of design strategies of replicons 

What is a “replicon”? 

Replicons—specifically RNA replicons—are RNA molecules that form at a single 

origin of replication site (Kittell & Helinski, 1993). The origin of replication is the site of 

initiation, the first step in DNA and RNA replication. Viruses are notorious for their ability 

to replicate after infecting a host cell’s machinery. A particularly interesting class of RNAs 

are derived from alphaviruses, which encode on their RNA genome a set of proteins that 

comprise an RNA-dependent RNA polymerase, which copies the RNA genome of the virus 

within the host cell (Lundstrom, 2014).  
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Figure 1. Overview of self-amplifying RNA replicon mechanism 

A. After cytosolic entry into the cell, RDRP replicase complex forms from the non-
structural proteins 1-4. B. Replication of copies of self-amplifying RNA replicons from 
the positive sense genomic RNA to a negative sense RNA template. C. More copies of 
genomic positive sense RNA are made and subgenomic RNA. D. Translation of 
subgenomic RNA into multiple copies of the protein. Made with Biorender.com 

Compared to DNA in the nucleus responsible for storing genetic information, RNA 

is typically a single-stranded molecule that consists of adenine, uracil, cytosine, and 

guanine nucleic acids responsible for the translation of genetic information (i.e. genes of 

interest) into proteins (Figure 1). RNA replicons are capable of inducing high levels of 

transient gene expression which allows for specific genes of interest to be turned on for a 

short duration of time upon delivery into the cell cytosol (Geall et al., 2012). 

The use of RNA replicons for drug delivery and vaccinations is an ongoing and 

growing field (Lundstrom, 2014). RNA replicons are made from disabled alpha- or 

flaviviruses unable to produce infectious progeny (McCullough et al., 2014). All 

alphaviruses and flaviviruses that cause disease are classified as arthropod-borne viruses 

(arboviruses) varying in structure and function (Hernandez et al., 2014). Alphaviruses are 

single-stranded RNA viruses with an envelope structure belonging to the Togaviridae 

family of viruses like the Semliki Forest virus or the Venezuelan equine encephalitis virus 

which are associated with epidemics in Central Africa and South America respectively 

(Lundstrom, 2014). Flaviviridae is a family of positive, single-stranded, enveloped RNA 

viruses heavily responsible for mosquito-transmitted diseases such as yellow fever, dengue 

fever, hemorrhagic fever, Zika virus, and West Nile virus (Gould & Solomon, 2008).  

Each virus is differently configured where alphaviruses have non-structural genes 

under the genomic promoter (i.e. SP6 or T7 bacteriophage promoter) at the 5’ end followed 
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by structural genes under a subgenomic promoter at the 3’ end. Flaviviruses, however, are 

expressed as a single polypeptide with the non-structural genes downstream of the gene of 

interest, opposite of alphaviruses, with a capped 5’ terminus that is not polyadenylated 

whereas the 3’ terminus is not polyadenylated forming a loop structure (Lundstrom, 2018). 

This body of work will primarily be exploring RNA replicons using the alphavirus 

structural format and its potential uses. 

Structure and function of replicons: mechanism of action 

There are three possible expression systems denoted as DNA layered systems, 

replication-proficient systems, and replication-deficient systems that exist (Lundstrom, 

2014). DNA layered systems are plasmid vectors carrying either the full-length viral 

genome or nonstructural genes and the gene of interest all downstream of a 

cytomegalovirus promoter to synthesize DNA replicons. Replication-proficient systems 

contain both the structural genes and nonstructural genes and the gene of interest whereas 

replication-deficient only contain one or the other (Lundstrom, 2014). This section will be 

focusing on primarily replication-deficient replicon systems because they allow for the 

ability to transiently express genes of interest without danger of host integration (unlike 

DNA layered systems) and do not generate viral infectious particles like replication-

proficient systems. 
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Figure 2. Example RNA replicon vector 

From left to right: RNA replicon vector with 5’ untranslated region, nsP 1-4, subgenomic 
promoter, a gene of interest, ampicillin resistance gene, 3’ untranslated region, and poly 
adenine tail. Made with Biorender. 

An alphavirus RNA replicon vector is made up of five main parts depicted in Figure 

2: a 5’ untranslated region containing an SP6 or T7 (SP6 RNA polymerase promoter and 

T7 RNA polymerase respectively) promoter, non-structural replicase genes, a subgenomic 

promoter, foreign gene(s) of interest, and polyadenine (polyA) tail at the 3’ untranslated 

region end (Lundstrom, 2014). The SP6/T7 promoter and nonstructural replicase genes 

make up what is known as the replicase complex. The SP6 phage promoter is a prokaryotic 

promoter that is recognized by the SP6 bacteriophage RNA polymerase with high 

processivity. When used for in vitro transcription, the SP6 promoter is capable of driving 

the sense or antisense transcript depending on the orientation of the gene of interest by 

catalyzing the formation of RNA from DNA from the 5’ to 3’ direction (Melton et al., 

1984). Another common promoter with characteristics similar to SP6 is the T7 promoter 

from the T7 bacteriophage. The T7 polymerase is a specialized enzyme that binds to the 

T7 promoter transcribing for the bacteriophage T7 genome but also has applications to 
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synthesize RNA off linearized DNA templates with high specificity (Arnaud-Barbe et al., 

1998; Rong et al., 1998). 

The non-structural replicase genes are essential in initiating transcription and 

translation of replicon RNA as well as regulating viral replication and assembly, but they 

are not packaged into a viral particle (Uversky & Longhi, 2011). Alphaviruses contain four 

non-structural proteins (nsP1, nsP2, nsP3, and nsP4) that are essential for transcription and 

translation with their independent domain function forming what is called the replicase 

complex or RNA-dependent RNA polymerase (RDRP) (Blakney et al., 2021). nsP1 is an 

mRNA capping enzyme that has a guanine-7-methyltransferase and guanylyltransferase 

(GTase) which directs the methylation and capping of the synthesized viral genomic and 

subgenomic RNAs to prevent RNA degradation by cellular 5’ exonucleases (Abu Bakar & 

Ng, 2018). nsP2 functions as a helicase domain acting as an RNA triphosphatase important 

for the first series of the viral RNA capping reactions and as a nucleotide triphosphatase 

driving RNA helicase activity (Abu Bakar & Ng, 2018; Blakney et al., 2021). Early studies 

aiming to engineer replicons used puromycin acetyltransferase to select for mutations in 

nsP2 in Sindbis virus replicons that control for cytopathicity (Frolov et al., 1999). nsP3 

consists of three domains: an N-terminal macrodomain with phosphatase activity and 

nucleic acid binding ability, the alphavirus unique domain, and the C-terminal 

hypervariable domain (Abu Bakar & Ng, 2018; Blakney et al., 2021). The function of this 

nsP is not well understood but studies have shown the loss of function of nsP3 leads to low 

viral pathogenicity making it essential for viral RNA transcription regulation (Blakney et 

al., 2021; Tuittila et al., 2000). nsP4 functions as an RNA polymerase at the C-terminal 

end that participates in replicating the genomic RNA off the negative-strand RNA and 
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transcribing the subgenomic RNA (Abu Bakar & Ng, 2018; Blakney et al., 2021). When 

designing RNA replicons, it is important to consider various mutants because each non-

structural protein plays a role in affecting gene expression. 

Downstream of the non-structural proteins in the alphavirus RNA is the 

subgenomic promoter, which encodes the structural proteins required for assembling new 

viral particles in the original virus, but which are replaced with genes of interest in 

therapeutic replicons. The subgenomic promoter is a specialized promoter that is included 

in a virus for heterologous expression of a gene to initiate protein translation that can 

greatly enhance the level of protein expression (Kim et al., 2014). RNA replicons can then 

be in vitro transcribed and capped with a polyA tail added at the end of RNA transcription 

for efficient translation while protecting the RNA molecule from enzymatic degradation 

(Guhaniyogi & Brewer, 2001). Each part plays a major role in the generation of replicons 

and will determine how high the level of gene expression will be.  The system is flexible 

and amenable for therapeutic efficacy and immunomodulation and warrants further 

investigation. 

Interleukin-12 and interleukin-18 family biology & synergism 

Interleukin-12 family 

The interleukin-12 (IL-12) family is made up of a group of heterodimeric cytokines 

including IL-12, IL-23, IL-27, and IL-35 (Vignali & Kuchroo, 2012). IL-12 was first 

discovered in 1989 as a natural killer cell-stimulatory factor acting as a pleiotropic cytokine 

on peripheral blood lymphocytes (Kobayashi et al., 1989). IL-12 is encoded by two genes, 
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IL-12A (p35 subunit) and IL-12B (p40 subunit). When combined via disulfide bonds, these 

two subunits form the bioactive heterodimer of IL-12 known as IL-12p70 with a molecular 

weight of 70 kilodaltons (kDa) (Gee et al., 2009).  

IL-12 plays a major immunomodulatory role in regulating inflammation, anti-

tumor immunity, differentiating naïve T-lymphocytes, innate responses, and controlling 

the type and duration of the adaptive immune response through the production of IFN-γ 

(Gazzinelli et al., 1993; Schulz et al., 2009). Specialized immune cells such as antigen-

presenting cells (APCs) like dendritic cells, monocytes, macrophages, and B-cells 

primarily produce IL-12 when activated by Toll-like receptors (TLRs) (Trinchieri, 1998). 

Upon stimulation by IL-12, signal transducer and activator of transcription 4 (STAT4), a 

critical transcription factor regulator of inflammation, becomes phosphorylated which 

interacts and phosphorylates c-Jun activating activator protein-1 (AP-1) for downstream 

signaling (Nakahira et al., 2002).  

Interleukin-18 and the interleukin-1 family 

The interleukin-1 (IL-1) family consists of a group of 11 cytokines, including IL-

1, IL-18, IL-33, and IL-36, that play a role in regulating innate immunity in response to 

infection (Dinarello, 2018). Interleukin-18 (IL-18), an 18 kDa pro-inflammatory cytokine 

encoded by the IL18 gene is produced in several cell types, such as macrophages 

(Dinarello, 1999), neuronal cells in the gut (Jarret et al., 2020), Kupffer cells (Seki et al., 

2001), and smooth muscle cells (Gerdes et al., 2002). IL-18 was first discovered in 1989 

as an “IFN-γ -inducing factor” (IGIF) in the serum of mice who received an intraperitoneal 

injection of endotoxin (K. Nakamura et al., 1989). The gene encoding for IGIF was later 
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cloned in 1995 for structural analysis comparing the novel cytokine to others found in the 

IL-1 family such as IL-1α, IL-1β, and IL-1Rα (K. Nakamura et al., 1989).  

The similarities it holds with IL-1 is that it comes in two structural flavors, a 24 

kDa precursor, known as pro-IL18, containing a propeptide sequence that requires 

enzymatic cleavage by caspase-1 (also known as IL-1β converting enzyme, ICE) at an 

aspartic acid to create the mature bioactive form. This occurs upon inflammasome 

activation either by stimulation of Toll-like receptors in response to a pathogen-derived 

activator such as a viral or bacterial infection, leading to the generation of active caspase-

1 (Afonina et al., 2015). This causes a cascade effect and the active secretion of IL-18 and 

also IL-1β which follows the same pathway. Interestingly, IL-1β and IL-18, unlike other 

cytokines, do not have a signal peptide required for secretion (Okamura et al., 1995). 

Conventional mechanism of action of IL-1-family cytokines 

NLRP3 inflammasomes (also known as cryopyrin) are multimeric protein 

complexes assembled in the cytosol upon recognition of pathogen- and danger-associated 

molecular patterns (PAMPs and DAMPs) via TLRs and NOD-like receptors (NLRs). This 

leads to a downstream activation signal cascade of the nuclear factor kappa light chain 

enhancer of activated B-cells (NF-κB) pathway (T. Liu et al., 2017). This initial priming 

signal leads to the subsequent activation of pro-inflammatory cytokines IL-1β and IL-18 

in a caspase-1 dependent manner (Ghiringhelli et al., 2009). Activated caspases are 

triggered by the activated inflammasome and cleave precursors of IL-1β and IL-18 to 

become bioactive and to be released from the cytosol.  

During this process, gasdermin D activation occurs downstream of inflammasome 

activation. Gasdermin D has been shown to activate pyroptosis which is required for 
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bioactive IL-1 and IL-18 release through the formation of the gasdermin pores bypassing 

the proteolytic cleavage by caspase-1 without the need of a signal peptide unlike traditional 

secretory proteins (Brough & Rothwell, 2007; He et al., 2015). Pyroptosis is an 

inflammatory form of programmed cell death through the formation of membrane pores by 

the innate immune system in response to danger signals and microbial infection (X. Liu et 

al., 2016). Pyroptosis is a form of immunogenic cell death (ICD) where cell death results 

in activation of an immunological response. Release of IL-1 and IL-18 through gasdermin 

pores have been shown to induce potent immunological response via pyroptosis which 

occurs after the release of the contents within the cell leading to morphological changes 

and destruction of the pyroptotic cell (Brough & Rothwell, 2007). The release of the 

contents allows for the distribution of immunogenic molecules that can further be used to 

enhance an ongoing immunological response against cancer cells as a potential strategy. 

The role of the NLRP3 inflammasome and pyroptosis is highly dependent on the 

environmental context in which it becomes activated. The NLRP3 inflammasome has been 

implicated in the initiation and propagation of various types of autoimmune diseases such 

as type I and II diabetes, inflammatory bowel disease (IBD), and multiple sclerosis, 

suggesting that regulation of this pathway is essential to prevent the onset of disease (Guo 

et al., 2015). Yet in colitis-associated colorectal cancer, activation of the inflammasome 

and IL-18 signaling pathways have been mainly protective (Zaki et al., 2010). Moreover, 

NLRP3 inflammasome activation has been shown to negatively impact NK cell-mediated 

responses in murine melanoma lung metastasis models by limiting the production of IFN-

γ (Chow et al., 2012). Further investigation is required to better understand the mechanisms 

associated with the secretory mechanisms of IL-18 in a cancer context. 
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Synergy of Interleukin-12 and Interleukin-18 

It has been well established that IL-12 synergizes with IL-18 by acting as a key 

driver for the production of IFN-γ (Nakahira et al., 2002). Some studies have explored the 

use of IL-12 and IL-18 together leading to tumor-specific immunity and IFN-γ production 

as a result of immunomodulation in human T-cells (Choi et al., 2011; Tominaga et al., 

2000). However, adverse effects have been linked to IL-12 and IL-18 therapy showing 

increases in mortality and toxicity in both an IFN-γ-dependent and independent manner. 

This suggests temporal control of these two cytokines may lead to better long-term 

responses while reducing the risk of adverse side effects (S. Nakamura et al., 2000). It is 

not well understood if activating both the IL-12 and IL-18 pathways simultaneously and 

transiently will lead to immunomodulation that is controllable and adaptive warranting 

further investigation utilizing RNA replicons. 

Scope of Thesis 

Transient gene expression is a widely investigated strategy that allows for a brief-

expression of genes that can be engineered to improve protein production. Currently, 

regulation of heterologous transient gene expression in vitro and in vivo has been 

accomplished with alphavirus/flavivirus-based RNA replicon vaccines (Geall et al., 2012). 

Alphavirus/flavivirus-based replicons are self-amplifying DNA or RNA molecules 

typically packaged in virus-like particles that have the capacity of generating high levels 

of transient heterologous gene expression in vitro and in vivo. These platforms consist of 

non-structural proteins (nSPs) for amplification which cannot produce infectious progeny 

by surpassing host genomic integration unlike DNA-based modalities (Varnavski et al., 

2000). 
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Proof-of-concept studies suggest that self-amplifying RNA replicons can be 

encapsulated in lipid nanoparticles which fuse with the cellular membrane and deposit 

cargo inside the cell cytosol to be translated into protein (Geall et al., 2012). Melo et al. 

showed Venezuelan encephalitis equine (VEE) eOD-GT8 replicons (an engineered protein 

designed to engage B-cell receptors) enabled functional protein production via 

intramuscular injection. This platform enabled controlled release and immunogenic 

protection against HIV (Melo et al., 2019). The intramuscular route of administration is 

highly relevant for vaccine development. However, few in vitro models exist to provide 

insight into the mechanism of uptake and protein expression in muscle. 

Li et al. demonstrated that VEE-RNA replicons can be engineered to produce a 

favorable pharmacokinetic release of interleukin-2 (IL-2), a class of glycoproteins 

produced by leukocytes, that regulates and modulates immune responses by generating a 

robust anti-tumor response against murine B16F10 melanoma by in vitro transcription (Li 

et al., 2019). A follow-up study has been conducted using interleukin-12 (IL-12)—and 

interferon-gamma (IFN-γ) inducing factor known for the primary driver of the 

development of Th1 responses—using an in-house VEE-replicon backbone to eradicate 

large established solid tumors and suggesting the potential of this platform for therapeutic 

efficacy (Li et al., 2020).  

Interleukin-18 (IL-18), a pro-inflammatory cytokine also known as IFN-γ inducing 

factor, encoded by the IL18 gene is produced in several cell types, such as macrophages 

and muscle cells. Unlike most cytokines in the IL-1 family, IL-18 and IL-1β lack a signal 

peptide typically required for extracellular release. Instead, wild type IL-18 begins as a 

precursor containing a pro-peptide sequence (proIL-18; 1-35 amino acids; cleavage at 
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aspartic acid position 35) that is typically cleaved—before releasing from the cell—by 

caspase-1 produced by inflammasome activity in response to inflammation (Afonina et al., 

2015). During inflammation, activation of the NLRP3 inflammasome occurs through either 

Toll-like receptor (TLR) stimulation by pathogen-associated molecular pattern molecules 

(PAMPs) which activate NF-κB signaling. NF-κB leads to the recruitment of the enzyme 

caspase-1. Recent studies have also shown cleavage of IL-18 independent of caspase-1 

activity by mast cell chymase, a family of serine proteases (Omoto et al., 2006). 

ProIL-18 undergoing proteolytic cleavage to form mature IL-18 is well accepted 

but very few methods highlight IL-18 and its role in ICD and pyroptosis. Therefore, a 

transient expression system of proIL-18 and mature IL-18 using an RNA replicon system 

can help mitigate chronic dysregulation of a pathway highly associated with autoimmunity 

(Boraschi & Dinarello, 2006). This method will also allow for an investigation into 

pyroptosis by overloading cells with a fully functional secretory cytokine that becomes 

active upon cell death to further enhance an immunological response. 

The hypothesis proposed in this thesis is that mature IL-18 can be bioactive without 

a signal peptide using a dual self-amplifying RNA replicon construct with IL-12 to induce 

pyroptosis and increase the production of IFN-γ. The first half of the work focuses on the 

design, fabrication, and validation of various IL-18 replicons. The second goal of this work 

is to demonstrate whether conventional synergy can be obtained through a dual-format 

replicon to examine the mechanism of secretion and biological activity. The data generated 

from in vitro experiments will provide evidence to support how IL-12 and IL-18 can be 

produced in a dual RNA replicon format while also examining mechanisms associated with 

inflammation and pyroptosis. These aims can be modified to impact research devoted to 
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enhancing the production of protein biologics and the utilization of already existing cellular 

machinery to combat cancer. 

Outline of the Thesis 

The experimental work carried out to fulfill the objectives discussed in the 

introductory chapter is presented in Chapters II, III, IV, and V of this thesis. Chapter II 

details the preparation of the materials as well as cell culture in vitro experiments and 

analytical methods are described here. Chapter III discusses the results from the in vitro 

validation experiments. This follows into Chapter IV describing the results from the 

synergistic studies done uniting the results discussed in Chapter III. The thesis concludes 

in Chapter V with a summary of the conclusions gathered in this work and a discussion on 

future directions and outlooks.  
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Chapter II. 

Materials and Methods 

Constructs, in vitro transcription, capping/methylating replicon RNAs 

An overview of the RNA replicon synthesis workflow is denoted in Figure 3.  

Plasmid constructs were designed using SnapGene. Murine IL-18 sequence (Accession: 

D49949.1, Mus musculus IGIF mRNA for interferon-gamma inducing factor) was 

obtained from previously published work and verified on the National Center for 

Biotechnology Information database (“Database Resources of the National Center for 

Biotechnology Information,” 2016; Okamura et al., 1995). Murine scIL-12 and scIL-12 

moues serum albumin (MSA) sequences were obtained from previously published work 

(Li et al., 2020; Momin et al., 2019). Standard recombinant DNA techniques for plasmid 

construction were used for all plasmid constructions using a Gibson Assembly Cloning Kit 

and finished plasmids were sent out for DNA sequencing for validation (New England 

Biolabs, cat. no. E5510S; Figure 3A, 3B).  
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Figure 3. Overview of RNA replicon synthesis workflow. 

A. Gibson Assembly workflow. B. Amplification of plasmid, selection, and DNA 
sequencing validation of sequence. C. Linearization of DNA plasmid template. D. In vitro 
transcription of RNA replicon followed by a downstream application for in vitro 
validation. This illustration was created with BioRender.com 
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VEE (denoted as C9 from hereon) replicon plasmid DNA was prepared based on 

constructs previously described (Li et al., 2019). All constructs are on the C9 RNA replicon 

backbone. mCherry, an RNA replicon encoding for a red fluorescent protein, was cloned 

after the subgenomic promoter to generate reporter constructs as previously described (Li 

et al., 2019). scIL-12-MSA fusion payload gene was cloned with sequences as previously 

described (Momin et al., 2019). The Full-Length IL-18 sequence consists of the murine IL-

18 sequence including the precursor polypeptide. Active IL-18 sequence contains no 

precursor polypeptide. tsPa (also commonly abbreviated tPa or tPa-SP) refers to a human 

tissue plasminogen activator sequence replacing the precursor polypeptide sequence on IL-

18 with an 81% homology to mouse tsPa (Rickles et al., 1988). These sequences are 

denoted as tsPa IL-18. Single chain IL-12 is denoted as scIL-12 that used previously (Li et 

al., 2020). Dual constructs were designed to combine scIL-12 and the three different IL-18 

formats described above. Between each sequence is a P2A self-cleaving peptide to allow 

for ribosomal skipping during translation of a protein in a cell (Z. Liu et al., 2017). 

Examples of a gene of interest are depicted in Figure 4. The following plasmid vectors 

were amplified and cloned and protein sequences are described in Figure 4 and Table 1 

below: 

 



 

20 

 

Figure 4. Schematic of single replicon and dual constructs. 

A. From top to bottom: Full-Length IL-18, Active IL-18, and tsPa IL-18. B. From top to 
bottom: scIL12 and Full-Length IL-18, scIL-12 and Active IL-18, and scIL-12 and tsPa 
IL-18.  
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Table Format Table Legend Description 
Protein Name (N to C terminus 
composition) Red Precursor polypeptide 

 Blue IL-18 

 Purple IL-12 

 Green Mouse Serum Albumin 
 Orange mCherry 

N to C terminus amino acid sequence Black Linker 

 Black tsPa signal peptide 

 Green P2A self-cleaving peptide 
 

Name Protein Sequence 

Full-Length IL-
18 

MAAMSEDSCVNFKEMMFIDNTLYFIPEENGDLESDNFGRLHCTTA
VIRNINDQVLFVDKRQPVFEDMTDIDQSASEPQTRLIIYMYKDSEV
RGLAVTLSVKDSKMSTLSCKNKIISFEEMDPPENIDDIQSDLIFFQK
RVPGHNKMEFESSLYEGHFLACQKEDDAFKLILKKKDENGDKSV
MFTLTNLHQS 

Active IL-18 

NFGRLHCTTAVIRNINDQVLFVDKRQPVFEDMTDIDQSASEPQTR
LIIYMYKDSEVRGLAVTLSVKDSKMSTLSCKNKIISFEEMDPPENI
DDIQSDLIFFQKRVPGHNKMEFESSLYEGHFLACQKEDDAFKLILK
KKDENGDKSVMFTLTNLHQS 

tsPa IL-18 

ATGGATGCAATGAAGCGGGGGCTCTGCTGTGTGTTGCTGCTGT
GCGGCGCCGTCTTCGTCTCTCCATCCNFGRLHCTTAVIRNINDQV
LFVDKRQPVFEDMTDIDQSASEPQTRLIIYMYKDSEVRGLAVTLS
VKDSKMSTLSCKNKIISFEEMDPPENIDDIQSDLIFFQKRVPGHNK
MEFESSLYEGHFLACQKEDDAFKLILKKKDENGDKSVMFTLTNL
HQS  
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scIL-12 and 
Full-Length IL-
18 

MWELEKDVYVVEVDWTPDAPGETVNLTCDTPEEDDITWTSDQR
HGVIGSGKTLTITVKEFLDAGQYTCHKGGETLSHSHLLLHKKENG
IWSTEILKNFKNKTFLKCEAPNYSGRFTCSWLVQRNMDLKFNIKS
SSSSPDSRAVTCGMASLSAEKVTLDQRDYEKYSVSCQEDVTCPTA
EETLPIELALEARQQNKYENYSTSFFIRDIIKPDPPKNLQMKPLKNS
QVEVSWEYPDSWSTPHSYFSLKFFVRIQRKKEKMKETEEGCNQK
GAFLVEKTSTEVQCKGGNVCVQAQDRYYNSSCSKWACVPCRVR
SGGSGGGSGGGSGGGSRVIPVSGPARCLSQSRNLLKTTDDMVKTA
REKLKHYSCTAEDIDHEDITRDQTSTLKTCLPLELHKNESCLATRE
TSSTTRGSCLPPQKTSLMMTLCLGSIYEDLKMYQTEFQAINAALQ
NHNHQQIILDKGMLVAIDELMQSLNHNGETLRQKPPVGEADPYR
VKMKLCILLHAFSTRVVTINRVMGYLSSAGGAAGCGGGGCAACT
AATTTCTCCTTGCTTAAGCAAGCAGGGGACGTCGAGGAAAATC
CGGGTCCTMAAMSEDSCVNFKEMMFIDNTLYFIPEENGDLESDNF
GRLHCTTAVIRNINDQVLFVDKRQPVFEDMTDIDQSASEPQTRLII
YMYKDSEVRGLAVTLSVKDSKMSTLSCKNKIISFEEMDPPENIDDI
QSDLIFFQKRVPGHNKMEFESSLYEGHFLACQKEDDAFKLILKKK
DENGDKSVMFTLTNLHQS  

scIL-12 and 
Active IL-18 

MWELEKDVYVVEVDWTPDAPGETVNLTCDTPEEDDITWTSDQR
HGVIGSGKTLTITVKEFLDAGQYTCHKGGETLSHSHLLLHKKENG
IWSTEILKNFKNKTFLKCEAPNYSGRFTCSWLVQRNMDLKFNIKS
SSSSPDSRAVTCGMASLSAEKVTLDQRDYEKYSVSCQEDVTCPTA
EETLPIELALEARQQNKYENYSTSFFIRDIIKPDPPKNLQMKPLKNS
QVEVSWEYPDSWSTPHSYFSLKFFVRIQRKKEKMKETEEGCNQK
GAFLVEKTSTEVQCKGGNVCVQAQDRYYNSSCSKWACVPCRVR
SGGSGGGSGGGSGGGSRVIPVSGPARCLSQSRNLLKTTDDMVKTA
REKLKHYSCTAEDIDHEDITRDQTSTLKTCLPLELHKNESCLATRE
TSSTTRGSCLPPQKTSLMMTLCLGSIYEDLKMYQTEFQAINAALQ
NHNHQQIILDKGMLVAIDELMQSLNHNGETLRQKPPVGEADPYR
VKMKLCILLHAFSTRVVTINRVMGYLSSAGGAAGCGGGGCAACT
AATTTCTCCTTGCTTAAGCAAGCAGGGGACGTCGAGGAAAATC
CGGGTCCTNFGRLHCTTAVIRNINDQVLFVDKRQPVFEDMTDIDQ
SASEPQTRLIIYMYKDSEVRGLAVTLSVKDSKMSTLSCKNKIISFEE
MDPPENIDDIQSDLIFFQKRVPGHNKMEFESSLYEGHFLACQKEDD
AFKLILKKKDENGDKSVMFTLTNLHQS  
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scIL-12 and tsPa 
IL-18  

MWELEKDVYVVEVDWTPDAPGETVNLTCDTPEEDDITWTSDQR
HGVIGSGKTLTITVKEFLDAGQYTCHKGGETLSHSHLLLHKKENG
IWSTEILKNFKNKTFLKCEAPNYSGRFTCSWLVQRNMDLKFNIKS
SSSSPDSRAVTCGMASLSAEKVTLDQRDYEKYSVSCQEDVTCPTA
EETLPIELALEARQQNKYENYSTSFFIRDIIKPDPPKNLQMKPLKNS
QVEVSWEYPDSWSTPHSYFSLKFFVRIQRKKEKMKETEEGCNQK
GAFLVEKTSTEVQCKGGNVCVQAQDRYYNSSCSKWACVPCRVR
SGGSGGGSGGGSGGGSRVIPVSGPARCLSQSRNLLKTTDDMVKTA
REKLKHYSCTAEDIDHEDITRDQTSTLKTCLPLELHKNESCLATRE
TSSTTRGSCLPPQKTSLMMTLCLGSIYEDLKMYQTEFQAINAALQ
NHNHQQIILDKGMLVAIDELMQSLNHNGETLRQKPPVGEADPYR
VKMKLCILLHAFSTRVVTINRVMGYLSSAGGAAGCGGGGCAACT
AATTTCTCCTTGCTTAAGCAAGCAGGGGACGTCGAGGAAAATC
CGGGTCCTATGGATGCAATGAAGCGGGGGCTCTGCTGTGTGTT
GCTGCTGTGCGGCGCCGTCTTCGTCTCTCCATCCNFGRLHCTTA
VIRNINDQVLFVDKRQPVFEDMTDIDQSASEPQTRLIIYMYKDSEV
RGLAVTLSVKDSKMSTLSCKNKIISFEEMDPPENIDDIQSDLIFFQK
RVPGHNKMEFESSLYEGHFLACQKEDDAFKLILKKKDENGDKSV
MFTLTNLHQS  

scIL-12 MSA 

MWELEKDVYVVEVDWTPDAPGETVNLTCDTPEEDDITWTSDQRHG
VIGSGKTLTITVKEFLDAGQYTCHKGGETLSHSHLLLHKKENGIWSTE
ILKNFKNKTFLKCEAPNYSGRFTCSWLVQRNMDLKFNIKSSSSSPDSR
AVTCGMASLSAEKVTLDQRDYEKYSVSCQEDVTCPTAEETLPIELAL
EARQQNKYENYSTSFFIRDIIKPDPPKNLQMKPLKNSQVEVSWEYPDS
WSTPHSYFSLKFFVRIQRKKEKMKETEEGCNQKGAFLVEKTSTEVQC
KGGNVCVQAQDRYYNSSCSKWACVPCRVRSGGSGGGSGGGSGGGS
RVIPVSGPARCLSQSRNLLKTTDDMVKTAREKLKHYSCTAEDIDHEDI
TRDQTSTLKTCLPLELHKNESCLATRETSSTTRGSCLPPQKTSLMMTL
CLGSIYEDLKMYQTEFQAINAALQNHNHQQIILDKGMLVAIDELMQS
LNHNGETLRQKPPVGEADPYRVKMKLCILLHAFSTRVVTINRVMGY
LSSAGSGGGSEAHKSEIAHRYNDLGEQHFKGLVLIAFSQYLQKCSYD
EHAKLVQEVTDFAKTCVADESAANCDKSLHTLFGDKLCAIPNLREN
YGELADCCTKQEPERNECFLQHKDDNPSLPPFERPEAEAMCTSFKEN
PTTFMGHYLHEVARRHPYFYAPELLYYAEQYNEILTQCCAEADKESC
LTPKLDGVKEKALVSSVRQRMKCSSMQKFGERAFKAWAVARLSQT
FPNADFAEITKLATDLTKVNKECCHGDLLECADDRAELAKYMCENQ
ATISSKLQTCCDKPLLKKAHCLSEVEHDTMPADLPAIAADFVEDQEV
CKNYAEAKDVFLGTFLYEYSRRHPDYSVSLLLRLAKKYEATLEKCC
AEANPPACYGTVLAEFQPLVEEPKNLVKTNCDLYEKLGEYGFQNAIL
VRYTQKAPQVSTPTLVEAARNLGRVGTKCCTLPEDQRLPCVEDYLSA
ILNRVCLLHEKTPVSEHVTKCCSGSLVERRPCFSALTVDETYVPKEFK
AETFTFHSDICTLPEKEKQIKKQTALAELVKHKPKATAEQLKTVMDD
FAQFLDTCCKAADKDTCFSTEGPNLVTRCKDALA 
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mCherry 

MVSKGEEDNMAIIKEFMRFKVHMEGSVNGH EFEIEGEGEG RPYEGT
QTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKH PADIPDYLKLSFP
EGFKWERVMNFEDGGVVTVTQDSSLQDGEFIYKVKLR GTNFPSDGP
VMQKKTMGWEASSERMYPEDGALKGEIKQRLKLKDGGHYDAEVKT
TYKAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQYE RAEGRHSTGG
MDELYK 

C9 Backbone 
Primers 
Forward/Reverse AGAGGCAGCCTGTTTTTGAA / GGGGATCCATCTCCTCAAAT 

Dual replicon 
internal #1 
primer GGTGCAGCGAAACATGGATC 

Dual replicon 
internal #2 
primer TTGCTCTAAGTGGGCCTGTG 

Table 1. List of RNA replicon protein sequences and primer sequences 
This table lists all used RNA replicon protein sequences and primer sequences with table 
legend 

These plasmids were cloned after the subgenomic promoter to generate 

experimental single and dual replicon constructs. Protein sequences of all constructs can 

be found in Table 1 in the appendix.  

Linearized DNA templates were generated by cutting with MluI-HF in CutSmart 

buffer per manufacturer’s instruction (New England Biolabs, cat. no. R3198S; Figure 3C). 

Replicon RNAs were in vitro transcribed (IVT) from the templates of linearized C9 DNA 

plasmids constructs using the MEGAscript T7 transcription kit (Thermo Fisher Scientific) 

following the manufacturer’s instructions. The replicon RNAs were capped and methylated 

using the ScriptCap m7G Capping System and ScriptCap 2’-O-methyltransferase kit 
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(CellScript) according to the manufacturer’s instructions (Figure 3D). RNA purity was 

assessed on a 1% formaldehyde agarose gel electrophoresis post IVT and post polyA 

capping (Figure 5).  

 

Figure 5. Quality control by gel electrophoresis of RNA replicons for RNA integrity.  

A I-VI. 1% formaldehyde agarose gel electrophoresis of uncapped RNA replicons from 
left to right: I - C9 Full-Length IL18, II - C9 Active IL18, III - C9 tsPa IL18, IV - C9 
scIL12, and Active IL18, V - C9 scIL12 and Full-Length IL18, and VI - C9 scIL12 and 
tsPa IL18. B I-VI. 1% formaldehyde agarose gel electrophoresis of capped RNA 
replicons from left to right of same constructs as Figure 5A I-VI. 
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Concentration was quantified using a NanoDrop microvolume UV-Vis 

spectrophotometer (Thermo Fisher). All RNA replicon constructs were stored in -80℃. 

Delivery and encapsulation of IL-18 and scIL12/IL-18 RNA replicons in lipid 

nanoparticles 

For delivery of 1 ug of each replicon RNA, Lipofectamine MessengerMAX 

nanoparticles were used following the manufacturer’s instructions (Thermo Scientific).  In 

brief, 0.5x105 cells are seeded the day before to allow for cells to adhere. All lipid 

transfection experiments were carried out on 24 well tissue culture-treated plates (Corning 

cat. no. 353047). Lipiofectamine nanoparticles were formulated in Opti-MEM I reduced 

serum medium (Thermo Fisher, cat. no. 31985062). Lipofectamine was mixed and 

incubated in Opti-MEM I for 10 minutes at room temperature. RNA replicons were diluted 

and scaled accordingly based on study design to deliver 1 μg of RNA replicon per well in 

500 µL total medium. The hydrodynamic size of lipofectamine nanoparticles was measured 

using dynamic light scattering (Malvern). Both lipofectamine mixture and diluted RNA 

replicons were mixed and incubated for 5 minutes at room temperature before adding 

dropwise to each well. Cells were transfected for 4 hours in 500 μL of complete media 

containing no antibiotics followed by a media change at the end of the transfection and 

allowed to recover for 24 hours or more depending on experimental design.  

Electroporation in vitro validation assays 

In vitro validation via electroporation transfection experiments were carried out in 

6 well tissue culture-treated plates (Corning cat. no. 353046) using electroporation of 1 ug 

of RNA per 20,000 C2C12 cells in 100 μl of R buffer using a NEON transfection kit 
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(Thermo Fisher Scientific) at 1,650 volts, 10 ms, and three pulses. For RAW264.7 cells, 

electroporation of 1 ug of RNA per 20,000 RAW264.7 cells in 100 μl of R buffer using the 

NEON transfection kit as described above at 1,680 volts, 20-millisecond pulse width, one 

pulse. Electroporated cells were incubated in complete media for 24 up to 48 hours post-

transfection and supernatant/cell lysate was collected. Frozen samples were kept at -80℃. 

Supernatants were transferred into 96 well 0.5 mL V-bottom polypropylene matrix 

tube racks with lids (Thermo Fisher Scientific, cat. no. 3725TS) and frozen down at -80℃. 

Cell lysates were lysed with NP-40 buffer made with 150 mM sodium chloride, 1.0% NP-

40, 50 mM Tris pH 8.0 with 1x Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific, 

cat. no. 87786) for 30 minutes gently rocking at 4℃ before centrifuged on a swinging 

bucket rotor at max speed to remove debris. Individual vials were removed from the rack 

for thawing to minimize freeze-thaw cycles. The thawing of samples was kept to a 

minimum of 2 times per sample. 

Cell lines and animals 

Cell lines C2C12 (ATCC CRL-1772), RAW264.7 (TIB-71), B16F10 (ATCC CRL-

6475), and HEK Blue IL-18 (Invivogen) were cultured following vendor instructions. 

Frozen cells and culture supernatants were sent out to be tested for mycoplasma at the Koch 

Institute Swanson Biotechnology Center before experimentation. Female C57BL/6 (The 

Jackson Laboratory stock no. 000664) mice at 6-8 weeks of age were purchased and 

maintained at the animal facility at the Massachusetts Institute of Technology. All animal 

procedures were carried out following federal, state, and local guidelines under an 

institutional animal care and use committee-approved protocol by the Committee of 

Animal Care at MIT. 
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Antibodies, staining, and FACs analysis 

Antibodies against mouse CD45 PerCP-Cy5.5 (clone 30-F11), CD3ε BV605 (clone 

145-2C11), NK1.1 BV785 (clone PK136), CD11b APC-Cy7 (clone M1/70), CD19 BV421 

(clone 6D5), CD218α/IL-18R APC (clone A17071D), IL12p40 PE-Cy7 (clone C15.6), and 

IFN-γ BV711 (clone XMG1.2) were obtained from Biolegend. Antibodies against mouse 

CD4 BUV395 (clone GK1.5) and CD8 BUV737 (clone 53-6.7) were obtained from BD 

Biosciences. Antibody against purified mouse IL-18 (clone YIGIF74-1G7) was obtained 

from InVivoMab and labeled with an Alexa Fluor 488 Microscale Protein Labeling kit 

from Thermo Fisher Scientific. All antibodies except IL12p40, IFN-γ, and IL-18 were 

diluted at 1:200. IL12p40, IFN-γ, and IL-18 antibodies were diluted at 1:75. The live/dead 

Aqua dye (cat. no. L34966) was from Thermo Fisher Scientific diluted at 1:1000. TruStain 

FcX mouse CD16/CD32 block (clone 93) was obtained from Biolegend and diluted at 

1:1000. Cell staining buffer (cat. no. 420201) was obtained from Biolegend. Precision 

counting beads were used in some studies to obtain absolute cell counts following the 

manufacturer’s protocol (Biolegend). 

All washes and spin speeds were 1500 rpm for 5 minutes at 4℃. Cells washes were 

done by adding 100 μL of either cell staining buffer or Perm/Wash buffer between each 

incubation. After harvesting cells into 96 well U-bottom or V-bottom plates (Corning cat. 

no. 3799; Corning cat. no. 3894), cells were washed once with 1x PBS (Corning cat. no. 

21-040-CV) before adding 100 μL of live dead Aqua diluted in PBS to samples and control 

for 15 minutes in the dark at 4℃ and then washed. TruStain FcX was diluted in cell staining 

buffer and added for 10 minutes and washed. Extracellular markers were stained for 15 

minutes in the dark at 4℃ and washed. Cells are fixed using a 1x CytoFix Fix/Perm kit 
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(BD Biosciences, cat. no. 554714) for 20 minutes and washed using the provided 10x 

Perm/Wash buffer diluted to 1x using distilled water. Intracellular markers were diluted in 

1x Perm/Wash buffer and stained for 45 minutes before being washed with 1x Perm/Wash. 

Fixed cells were resuspended in 210 μL of cell staining buffer to account for dead volume 

in the needle when running on the flow cytometry analyzer (FACS). 

Stained samples were analyzed using a FACS analyzer (LSR-II Fortessa) from BD 

Biosciences. All flow cytometry data were analyzed using FlowJo software (FlowJo LLC). 

Splenocyte harvest for in vitro cytokine stim assays 

Spleens from euthanized 6-8 week old female naïve C57BL/6 mice were harvested. 

The single-cell suspensions were made by smashing harvested spleens into a 70 μm nylon 

strainer. Red blood cells were lysed using ACK lysis buffer (Thermo Fisher Scientific), 

quenched using Roswell Park Memorial Institute 1640 medium (Fisher Scientific) 

supplemented with 10% FBS, and pelleted down by centrifugation at 1500 rpm for 5 

minutes at 4℃. Spleens were filtered again on another 70 μm nylon strainer, counted on a 

Countess II (Thermo Fisher), and kept on ice before seeded into wells for in vitro assays. 

Samples collected for flow cytometry analysis were incubated with 1x brefeldin A 

(Biolegend, cat. no. 420601) for 4 hours. For IFN-γ staining, controls were made in 

triplicate of brefeldin A only, PMA/ionomycin only (Biolegend, cat. no. 423301), and 

brefeldin A + PMA/ionomycin. PMA/ionomycin + brefeldin A was incubated for 2 hours 

each so all samples were incubated for a total of 4 hours at 37℃. 

IFN-γ production assay 
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50,000 B16F10 cells were seeded in 24 well TC treated plates one day prior and 

transfected with replicon RNA once cells have adhered to the plate overnight as described 

previously. After 24 hours post-transfection, splenocytes were harvested from naïve 

C57BL/6 female mice and processed as described previously. Splenocytes were counted 

as previously described and pooled before staining with Cell Trace Violet for tracking by 

flow cytometry per manufacturer’s instruction (Thermo Fisher, cat. no. C34557). 50,000 

splenocytes were seeded into each well for an effector to target ratio of 1:1. The supernatant 

was collected at 24 hours post splenocyte addition. Samples were frozen down and stored 

at -80℃ for ELISA analysis. 

Cytokine stimulation of naïve splenocytes 

 Two spleens were harvested, processed, and 100,000 total splenocytes were seeded 

into a 96 U-bottom plate in complete media consisting of RPMI, 10% FBS, 0.0005% β-

ME, 1% sodium pyruvate, and 1% penicillin/streptomycin. Cells were then either spiked 

with recombinant IL-2, recombinant IL-12 (rIL-12), scIL-12 (synthesized in-house), or 

recombinant IL-18 at two known concentrations except for IL-2. Recombinant IL-2, IL-

12, and IL-18 were obtained from Biolegend (cat. no. 575406, 577002, and 767002). 

• IL-2 final concentration: 5 ng/mL 

• IL-12 final concentration: 0.1 ng/mL (low dose) or 1 ng/mL (high dose) 

• scIL-12 final concentration: 0.1 ng/mL (low dose) or 1 ng/mL (high dose) 

• IL-18 final concentration: 10 ng/mL (low dose) or 30 ng/mL (high dose) 

Cells were then incubated overnight for 24 hours before supernatant was collected 

for an IFN-γ ELISA followed by intracellular staining for flow cytometry. 
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ELISA analysis 

Levels of IL-18, IL-12, and IFN-γ in the supernatant and cell lysate were measured 

by ELISA kits from MBL International (cat. no. 7625) and R&D Systems DuoSet ELISA 

and Quantikine ELISA kits (cat. no. DY419, IL12p70; cat. no. MIF00, IFN-γ) following 

manufacturer's instruction.  

HEK Blue IL-18 SEAP Quantification Assay 

 HEK Blue IL-18 SEAP colorimetric assays were conducted using QUANTI Blue 

solution that detects alkaline phosphatase activity in a biological sample per the 

manufacturer’s protocol (InvivoGen). HEK Blue IL-18 cells were transfected with 1 μg of 

IL-18 RNA replicons for 4 hours followed by 24 hours of recovery in complete media. 

100-200 μL of cell supernatants were then collected and spun down at 1500 rpm for 5 

minutes at 4℃. The assay was run on a 96 well flat bottom plate. 180 μL of QUANTI Blue 

solution was added to each sample well and spiked with 20 μL of cell supernatant sample. 

The assay plate was then incubated for 1 hour before reading on a Tecan 200 Pro microplate 

reader at a 655 nm excitation wavelength.  

Statistics and reproducibility 

Results are presented as mean ± standard deviation of the mean. Data were 

statistically analyzed by one-way or two-way ANOVA using GraphPad PRISM. The 

sample sizes for in vitro analysis were three (technical triplicates) per condition. Standard 

curves were interpolated using GraphPad PRISM (Version 9.0.2) for ELISA analysis. 
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Chapter III. 

Design, fabrication, and validation of IL-18 replicons 

Introduction 

In this chapter, the design, fabrication, and validation of RNA replicons discussed 

in Chapter I is presented here. The objective of this work was to validate the synthesis of 

IL-18 RNA replicons and demonstrate RNA-produced bioactive proteins with or without 

a signal peptide when delivered into cells in vitro. C2C12 murine myoblast and RAW264.7 

murine macrophage cells were chosen as model cell lines for validation experiments. 

However, electroporation is only one method of delivering RNA replicons into cells 

and an alternative relevant for in vivo delivery was also tested by encapsulating RNA 

replicons in lipid nanoparticles. B16F10 was chosen as the experimental workhorse model 

alongside HEK Blue IL-18, an engineered human embryonic kidney reporter cell line able 

to detect murine and human IL-18. Experiments in this chapter support the hypothesis that 

IL-18 RNA replicons can produce bioactive IL-18 without a signal peptide and are further 

expanded in Chapter IV. 

Results 

IL-18 RNA replicons delivered via electroporation to C2C12 and RAW264.7 can be 

quantified in the supernatant and cell lysate by ELISA 
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IL-18-encoding RNA replicons were designed and fabricated using the Gibson 

Assembly and IVT as previously described in Chapter II Materials and Methods (Figure 

3). To ensure proper translation, RNA replicons need to be of the highest quality. This was 

validated by running a 1% formaldehyde gel electrophoresis post IVT (Figure 4A) and 

after capping the RNA replicon with the polyA tail (Figure 4B) to ensure no shadow or 

extraneous band contaminated the sample during the synthesis. 

The different types of constructs designed were briefly discussed in Chapter II 

Materials and Methods (Table 1 and Figure 4). In brief, a total of six different constructs 

were designed and fabricated along with control RNA replicons (i.e. scIL-12 MSA and 

mCherry) based on previously published sequences (Li et al., 2020; Momin et al., 2019, 

Table 2). mCherry RNA replicons groups were run to confirm transfection efficiency and 

confirmation of the selected transfection protocol used across experiments. scIL-12 MSA 

was used as a positive control for IL-12 production and secretion.  

Construct Name Description 

Full-Length IL-18 
native precursor polypeptide containing murine 
IL-18 

Active IL-18 lacks precursor polypeptide murine IL-18 

tsPa IL-18 
human tissue plasminogen signal peptide 
(replaced precursor polypeptide) murine IL-18 

scIL-12 and Full-Length IL-18 
single-chain IL-12 dual construct with Full-
Length IL-18 

scIL-12 and Active IL-18 
single-chain IL-12 dual construct with murine 
IL-18 lacking precursor polypeptide 

scIL-12 and tsPa IL-18 

single-chain IL-12 dual construct with human 
tissue plasminogen signal peptide (replaced 
precursor polypeptide) murine IL-18 
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scIL-12 MSA 
single-chain IL-12 fused to mouse serum 
albumin 

mCherry red fluorescent protein 

Table 2. Construct summary with a description of each construct 
Description of all RNA replicon constructs fabricated and designed with a detailed 
explanation of modifications. 

C2C12 myoblasts and RAW264.7 macrophages were electroporated with 1 μg of 

RNA replicon to validate the production of IL-18. Supernatants and cell lysates had a 

detectable transient expression of IL-18 by ELISA. In C2C12 myoblasts, Full-Length IL-

18 and Active IL-18 showed no difference to untreated or electroporated control at 24 or 

48 hours in the cell lysate. However, tsPa-IL-18 showed an average of 745.3 pg/mL of IL-

18 at 24 hours post-transfection, which continued to rise at 48 hours up to an average of 

1,153.6 pg/mL of IL-18 in the cell lysate compared to untreated control (p<0.0001) (Figure 

6A). Given the results from the previous experiment, a time course was run to quantify 

tsPa IL-18 in the supernatant to confirm transient gene expression. The supernatant showed 

a similar increase profile averaging 1,131.6 pg/mL at 24 hours followed by a peak of 

1,270.19 pgmL at 48 hours compared to untreated control (p<0.0001). The amount of IL-

18 began to drop 72 and almost half at 96 hours (Figure 6B).   
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Figure 6. IL-18 RNA replicon validation in electroporated C2C12 supernatant and cell 

lysate by ELISA. 

A. IL-18 concentrations in the cell lysate of electroporated I μg of Full-Length IL-18, 
Active IL-18, and tsPa IL-18 RNA replicons.****P<0.0001 by ordinary two-way ANOVA 
using Dunnett’s multiple comparison’s tests, with a single pooled variance. B. Time 
course of IL-18 concentrations secreted in supernatant cell media post electroporation. 
****P-value<0.0001 using ordinary two-way ANOVA with Dunnett’s multiple 
comparisons test, with individual variances computed for each comparison. 
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RAW264.7 cells produced an average of 111.9 pg/mL and 662.3 pg/mL of Full-

Length IL-18 and tsPa IL-18 respectively at 24 hours, with the tsPa IL-18 construct 

producing more IL-18 as expected due to the enhanced secretory signal peptide compared 

to the native Full-Length IL-18 RNA replicon. RAW264.7 cells made little to no Active 

IL-18 that was detectable in the cell media supernatant compared to untreated control by 

ELISA (Figure 7A). Cell lysates of RAW264.7 macrophages showed IL-18 production 

within the cell for groups that received Full-Length IL-18 and tsPa IL-18 RNA replicons 

which averaged 523.7 pg/mL and 1,106.7 pg/mL respectively peaking at 24 hours and 

decreased by 48 hours almost to baseline levels compared to untreated control (p<0.0001) 

(Figure 7B). 
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Figure 7. IL-18 RNA replicon validation in electroporated RAW264.7 supernatant and 

cell lysate by ELISA. 

A. Time course of IL-18 concentrations secreted in supernatant cell media post 
electroporation. .****P<0.0001 by ordinary two-way ANOVA using Dunnett’s multiple 
comparison’s tests, with individual variances computed for each comparison. B. IL-18 
concentrations in the cell lysate of electroporated I μg of Full-Length IL-18, Active IL-18, 
and tsPa IL-18 RNA replicons.****P-value<0.0001 **P-value=0.0023 using ordinary 
two-way ANOVA with Šídák's multiple comparisons test with a single pooled variance 
and exact P-values indicated. 
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Quantification of lipid nanoparticle delivery method using mCherry RNA replicons in 

B16F10 and HEK Blue IL-18 model cell lines 

 

Another experiment was designed to examine an alternative method of delivery 

using lipid nanoparticles to encapsulate RNA replicons and deliver them into the cytosol. 

To validate the lipid nanoparticle delivery system, mCherry RNA replicons were 

fabricated, encapsulated, and delivered in triplicate in B16F10 and HEK Blue IL-18 model 

cell lines (Figure 8A). Successful transfection of B16F10s and HEK Blue IL-18 cell lines 

with 1 μg of mCherry reporter RNA replicons by transfecting for 4 hours followed by a 

24-hour recovery validated the protocol. To quantify successful transfection efficiency 

with this delivery vehicle method, mean fluorescence intensity was determined by flow 

cytometry (Figure 8B). Transfection efficiency was calculated in two different ways. One 

was by the percent of mCherry positive cells assessed by flow cytometry that was live but 

also by back-calculating using absolute counting beads that were added at the end and gated 

on during analysis (Figure 8C, Table 3, 4, and 5). The average transfection efficiency of 

mCherry positive cells for B16F10 was 96.60% compared to 1.04% of B16F10 cells 

transfected with blank lipid nanoparticles. For HEK Blue IL-18, average transfection 

efficiency reached 76.63% compared to 1.38% of HEK Blue IL-18 cells that only received 

blank lipid nanoparticles. By counting beads, similar values were obtained for B16F10 and 

HEK Blue IL-18. Back calculated transfection efficiency of mCherry positive cells by 

counting beads resulted in 88.75% and 74.33% respectively followed by 1.66% and 2.59% 

in the blank lipid nanoparticle arm. 
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Figure 8. Validation of 1 μg of C9-mCherry replicons using lipid nanoparticle 

transfection. 

A. mCherry fluorescence signal expression by flow cytometry in B16F10 and HEK Blue 
IL18. B. Mean fluorescence intensity of mCherry. C. Quantification of transfection 
efficiency by mCherry fluorescence and absolute counting beads. 

B16F10 

No 
mCherry 
(#Events) 

mCherry+ 
(#Events) 

Beads 
(#Events) 

Abs. count 
no 

mCherry 
(cells/uL) 

Abs. count of 
Live/mCherry+ 

(cells/uL) 
Total 

(cells/uL) 
Blank 16259.00 299.00 78798.00 106.26 1.95 108.22 
Blank 15286.00 257.00 84107.00 93.60 1.57 95.17 
Blank 19842.00 309.00 82432.00 123.96 1.93 125.89 

mCherry+ 937.00 6708.00 83297.00 5.79 41.47 47.27 
mCherry+ 821.00 6802.00 85901.00 4.92 40.78 45.70 
mCherry+ 699.00 5823.00 86248.00 4.17 34.77 38.94 

HEK Blue 
IL18 

No 
mCherry 
(#Events) 

mCherry+ 
(#Events) 

Beads 
(#Events) 

Abs. count 
no 

mCherry 
(cells/uL) 

Abs. count of 
Live/mCherry+ 

(cells/uL) 
Total 

(cells/uL) 
Blank 12855.00 316.00 84211.00 78.62 1.93 80.55 
Blank 12511.00 366.00 81626.00 78.94 2.31 81.24 
Blank 11945.00 309.00 80781.00 76.15 1.97 78.12 

mCherry+ 2690.00 7756.00 83832.00 16.53 47.65 64.17 
mCherry+ 2762.00 8162.00 81971.00 17.35 51.28 68.63 
mCherry+ 2846.00 8107.00 81543.00 17.97 51.20 69.18 

 

B16F10 

Total no 
mCherry+ 

(cells) 

Total 
mCherry+ 

(cells) 
Total 
(cells) 

Percent 
Transfection 

Efficiency (%) 
Blank 19127.51 351.75 19479.26 1.81 
Blank 16847.73 283.26 17130.99 1.65 
Blank 22313.58 347.49 22661.07 1.53 

mCherry+ 1042.77 7465.23 8508.01 87.74 
mCherry+ 885.98 7340.37 8226.35 89.23 
mCherry+ 751.29 6258.60 7009.89 89.28 

HEK Blue 
IL18 

Total no 
mCherry+ 

(cells) 

Total 
mCherry+ 

(cells) 
Total 
(cells) 

Percent 
Transfection 

Efficiency (%) 
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Blank 14150.87 347.85 14498.72 2.40 
Blank 14208.34 415.65 14623.99 2.84 
Blank 13707.45 354.59 14062.04 2.52 

mCherry+ 2974.56 8576.45 11551.01 74.25 
mCherry+ 3123.51 9230.31 12353.82 74.72 
mCherry+ 3235.40 9216.23 12451.63 74.02 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 �
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
μ𝐿𝐿

� =
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸)
∗ 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 �

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
μ𝐿𝐿

� 

Table 3. Percent transfection efficiency calculated by counting beads  
This is the percent transfection efficiency calculated using counting beads with the 
following equation. 

B16F10 

Cells/Single 
Cells/Live/mCherry+ 

| Freq. of Parent 
Blank 1.22 
Blank 1.02 
Blank 0.89 

mCherry+ 95.8 
mCherry+ 96.9 
mCherry+ 97.1 

HEK Blue 
IL18 

Cells/Single 
Cells/Live/mCherry+ 

| Freq. of Parent 
Blank 1.33 
Blank 1.43 
Blank 1.39 

mCherry+ 76.6 
mCherry+ 77.2 
mCherry+ 76.1 

Table 4. Percent transfection efficiency calculated by gating on mCherry+ subset 
The table contains the mCherry+percent frequency of B16F10 and HEK Blue IL18 
compared to blank control. 
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Sample Hydrodynamic diameter [nm] 

Blank Lipofectamine 765.9 ± 71.1 

mCherry 648.8 ± 25.1 

Full Length IL18 720.0 ± 19.7 

Active IL18 712.7 ± 18.0 

tsPa IL18 735.5 ± 14.6 

scIL12 and Full Length IL18 850.6 ± 31.9 

scIL12 and Active IL18 663.7 ± 33.6 

scIL12 and tsPa IL18 815.4 ± 34.0 

scIL12 MSA 759.5 ± 55.7 

Table 5. Comparison of lipofectamine encapsulated replicons 
Hydrodynamic measurement on DLS of lipid nanoparticles formulated with RNA 
replicons. 

Validation of IL-18 RNA replicons in HEK Blue IL-18 reporter cell line for bioactivity 

by QUANTI Blue SEAP detection assay 

 

Given the high transfection efficiency with mCherry and Lipofectamine 

MessengerMAX, it was hypothesized that lipid nanoparticles could efficiently encapsulate 

and deliver IL-18 RNA replicons. To validate the bioactivity of IL-18 produced by IL-18 

RNA replicons, HEK Blue IL-18 were transfected with IL-18 RNA replicons using lipid 

nanoparticles and quantified using a QUANTI Blue colorimetric assay detecting for SEAP 

alkaline phosphatase production in the supernatant. After a 4-hour transfection followed 
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by 24 and 48-hour recovery, SEAP secretion that was statistically significant compared to 

untreated controls was detected in the tsPa IL-18, scIL-12 and Active IL-18, and scIl-12 

and tsPa IL-18 (p<0.0001) groups suggesting IL-18 was being produced after transfection 

(Figure 9). This result is representative of two independent experiments with each 

condition run in triplicate. 

 

Figure 9. Functional SEAP reporter assay using engineered HEK Blue IL-18 cell line. 

Colorimetric analysis of SEAP production 24 and 48 hours post-transfection of 1ug of 
RNA replicon to HEK Blue IL18 via Lipofectamine MessengerMAX. The supernatant was 
incubated for 1 hour at 37℃ in QUANTI Blue before absorbance was measured at 655 
nm. ****P-value<0.0001 by ordinary two-way ANOVA with Dunnett’s multiple 
comparisons test, with a single pooled variance. 

This dataset provides evidence to support that IL-18 RNA replicons can be 

delivered in vitro through electroporation or lipid nanoparticle delivery into a target cell. 

Furthermore, these experiments definitively support that tsPa IL-18 replicons can be 

detected and secreted in the cell supernatant which was also seen in a dual construct format 
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of scIL-12 and tsPa IL-18. Full-Length IL-18 and dual construct scIL-12 and Full-Length 

IL-18 did not secrete as expected. Active IL-18 did not secrete as expected in this assay 

but dual construct scIL-12 and Active IL-18 demonstrated that IL-18 can be bioactive 

without a signal peptide (Figure 9).  

Discussion 

The experiments conducted in this chapter focused on supporting the claim that IL-

18 can be produced in a bioactive form from replicons transfected into cell lines, without 

the requirement for a signal peptide. Before we could address this question, validation 

studies were conducted to ensure the replicons were constructed properly and to verify a 

transfection system for downstream applications. To do so, C2C12 and RAW264.7 were 

chosen to pilot test and validate the synthesized IL-18 RNA replicons. C2C12 is a common 

immortalized murine myoblast model used to model drug administration into muscle tissue 

like RNA vaccines administered intramuscularly (Park et al., 2021). RAW264.7 

macrophages are also commonly used to test the delivery of lipid nanoparticles. For 

example, strategies have been developed to genetically reprogram macrophages to elicit 

anti-tumor functions using mRNA (F. Zhang et al., 2019).  

Cell lysates were chosen to examine the production and determine whether Active 

IL-18 could be detected by ELISA. Results showed no detection of IL-18 from the Full-

Length IL-18 or the Active IL-18 RNA replicon in C2C12 cells when delivered by 

electroporation in the cell media supernatant or cell lysate (Figure 6). We do see some IL-

18 in the cell lysate of RAW264.7 transfected with Full-Length IL-18 RNA replicon 

(Figure 7B). Consistently, we see tsPa IL-18 being expressed in C2C12 and RAW264.7 

cell lines as expected in both the cell media supernatant and cell lysate (Figure 6 and Figure 
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7). Some limitations of this method may lie with how the electroporation was done since 

the RNA replicons were diluted in a resuspension buffer and delivered directly. Because 

the RNA replicons were not encapsulated to protect from potential RNase degradation 

during the electroporation, the procedure may have led to insufficient delivery into the cells 

of interest. Electroporation has been described to decrease cell viability which limits 

protein production and translation (Donahue et al., 2019). These data motivated the next 

few studies for a more translational approach. 

Optimization of lipid nanoparticle encapsulation studies was conducted to test if 

better transfection efficiency could be achieved in cell lines previously tested with LNP 

transfection (Li et al., 2019, 2020). B16F10 melanoma was chosen as the model cell line 

for lipid nanoparticle encapsulation delivery studies. To gauge transfection efficiency and 

optimize a protocol for lipofectamine, pilot studies were run testing 0.75 μL of 

Lipofectamine per well and 1.5 μL of Lipofectamine per well based on the recommendation 

from the manufacturer’s protocol. The lower dose was chosen to help mitigate toxicity 

concerns from long incubation times and because the levels of IL-18 produced were not 

different (data not shown). Transfection studies using mCherry RNA replicons helped 

gauge the selected protocol’s efficiency in delivering encapsulated RNA replicons into 

B16F10. HEK Blue IL18—a reporter IL-18 cell line—showed slightly lower transfection 

efficiency (Figure 8).  

Limitations of this experiment include the potential loss of cells during the harvest 

because B16F10s are an adherent line. Trypsin was not used to detach cells from the well. 

This was taken into consideration for future extracellular staining of receptors on the 

surface and preserve structural integrity. Mechanical removal of B16F10 from the well 



 

46 

leads to poorer recovery and cell loss. Moreover, when using Lipofectamine 

MessengerMAX to encapsulate RNA replicons, the hydrodynamic diameter was between 

600-800 nm (Table 4) but was similar to a published report that encapsulated plasmids for 

delivery into stem cells using Lipofectamine 2000 (Wallenstein et al., 2010).  This is 

important to consider when determining transfection efficiency as the cellular uptake of 

nanomaterials depends on the method of delivery, size, shape, charge, surface 

modifications, and colloidal stability (Donahue et al., 2019, 2020). 

To test bioactivity and whether the requirement of proteolytic cleavage of the 

propeptide precursor was necessary to elicit activity, three different RNA replicons were 

designed. Full-Length IL-18 would require the cleavage of the propeptide precursor 

sequence whereas Active IL-18 and tsPa IL-18 would not. Active IL-18 does not have a 

propeptide sequence and tsPa IL-18 is more efficient at secreting protein due to the tissue 

plasminogen sequence that replaced the propeptide sequence. In the dual constructs, scIL-

12 and Active IL-18 were being detected as SEAP was being secreted by HEK Blue IL-18 

cells in the culture but not in the Active IL-18 alone scenario (Figure 9). Moreover, 

compared to the scIL-12 and tsPa IL-18 group, the amount of SEAP detected was lower. It 

is hypothesized that although Active IL-18 is bioactive, it relies heavily on the gene 

upstream for secretion because it does not have a signal peptide or enhanced secretory 

signal peptide. This is further exemplified in Chapter IV when looking at the synergy 

between IL-12 and IL-18 in the context of immunogenic cell death and pyroptosis.
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Chapter IV. 

Synergistic effects of scIL-12 and IL-18 RNA replicons 

Introduction 

Immunomodulation has the potential to generate robust anti-tumor activity but 

induction of immunological responses requires signaling that may be absent in the tumor 

microenvironment. Numerous immunomodulators such as IL-2, α-CTLA-4, and α-PD1/α-

PDL1 therapy have seen some success in the clinic for indications varying from melanoma 

to kidney cancer as a monotherapy (Larkin et al., 2015; Tang & Harding, 2019). However, 

these therapies fall short due to a highly suppressive tumor microenvironment that is 

constantly changing over time (Bedard et al., 2013). A small subset of patients does 

respond to improve five-year survival rates, a metric commonly used to gauge treatment 

effectiveness. To combat more aggressive forms of cancer, it is important to consider 

alternatives such as combination therapy (Larkin et al., 2019). RNA therapy offers a 

platform that is bolstered by the potential that they can be tunable—like an on-off switch—

which would give clinicians the flexibility to control dose to mitigate potential side effects 

due to treatment from a bolus administration or multiple-dose regimens (Chung et al., 

2015). 

Our group previously demonstrated RNA replicons encoding for scIL-12 MSA and 

scIL-12 lumican encapsulated in a lipid nanoparticle and delivered intratumorally were 

able to induce potent in vivo responses due to ICD in B16F10 melanoma. Similar responses 
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were reported in vitro (Li et al., 2020). Here we expand upon the use of ICD as a method 

to test for bioactivity of IL-18 replicons in vitro in this proof-of-concept co-culture system 

using transfected B16F10 melanoma cells and naïve splenocytes. We found increased 

production of IFN-γ upon delivery of IL-12 and IL-18 dual cytokine payload replicons in 

a subset of NK cells bearing higher levels of IL-18 receptor expression, compared to single 

replicon alone by flow cytometry. IFN-γ secreted in the supernatant was quantified by 

ELISA from the same samples to support the proof-of-concept. To supplement this finding, 

splenocytes were stimulated with exogenous cytokines to mimic what was seen in the co-

culture system and look for IL-18 receptor expression upon IL-12 or IL-2 stimulation as 

well as IFN-γ production (Nakanishi, 2018; Yoshimoto et al., 1998). Interestingly, ICD 

and pyroptosis may have played a role in the induction of IFN-γ based on the previous 

findings (Li et al., 2020). 

Results 

Flow cytometry analysis of lipid nanoparticle delivered IL-18 RNA replicons show the 

production of IL-18 and IL-12 in a B16F10 melanoma model 

 

B16F10 cells were transfected with IL-18 RNA replicons following the protocol 

described in Chapter II Materials and Methods. Flow cytometry analysis of transfected 

cells stained with FITC labeled IL-18 and PE-labeled IL12p40 gated on Single Cells and 

Live-cell subset by a live dead exclusion dye showed a shift from the single positive gates 

into the double-positive quadrant compared to untreated and blank lipid nanoparticle 

controls in groups receiving the dual RNA replicon constructs. Specifically, groups that 
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received scIL-12 and Full-Length IL-18, scIL-12 and Active IL-18, and scIL-12 and tsPa 

IL-18 showed staining for both IL-18 and IL-12p40 (Figure 10A). 

For single IL-18 RNA replicon arms, the frequency of IL-18 positive B16F10 cells 

gated on live cells was an average of 20% in the Full-Length Il-18 group whereas Active 

IL-18 and tsPa IL-18 groups showed an average frequency of cells positive for IL-18 of 

around 10% (Figure 10B). tsPa IL-18 transfected live B16F10 cells showed a lower overall 

frequency of IL-18, the group had the highest average mean fluorescence intensity whereas 

Full-Length IL-18 and Active Il-18 were significantly lower by about 2/3 but still 

statistically significant (p<0.0001) when compared to untreated control (Figure 10B). The 

frequency of IL-12p40 of live B16F10 cells was highest in the IL-12 MSA RNA replicon 

cohort with an average mean of around 30% compared to the dual constructs scIL-12 and 

Full-Length IL-18, scIL-12 and Active IL-18, and scIL-12 and tsPa IL-18 with an average 

mean of around 20%. IL-12 MSA had the highest mean fluorescence intensity of IL-12p40 

compared to the other groups. The frequency of live cells producing IL-18 and IL-12 was 

an average of 7-8% for all dual construct arms. 
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Figure 10. Flow cytometry analysis of IL-18 and IL-12 expression in B16F10 post-24-

hour lipofectamine transfection.  

A. Example contour plots (n=3 per construct) of IL-18, IL-12, and IL-18/IL-12 positive 
subsets gated on FSC vs SSC/Single Cell/Live. B. Frequency and mean fluorescence 
intensity of IL-18, IL-12, and IL-18/IL-12 in B16F10 gated on FSC vs SSC/Single 
Cell/Live. Statistics were calculated using ordinary one-way ANOVA with Dunnett’s 
multiple comparisons test, with single pooled variance and exact P values are indicated. 
Frequency IL-18 and IL-12 Statistics: ****P-value<0.0001 **P-value=0.0045 
Frequency IL-18 Statistics: ****P-value<0.0001 Frequency of IL-12p40: ****P-
value<0.0001 *P-value=0.0457 MFI IL-12 Statistics: ****P-value<0.0001 ***P-
value=0.0008 **P-value=0.0013 *P-value=0.0498 MFI IL-18 Statistics: ****P-
value<0.0001 

 

The frequency of IL-18 positive events was reported showing a significant increase 

compared to untreated control from the Full-Length IL-18, Active IL-18, and tsPa IL-18 

constructs (p<0.0001 for all three single RNA replicon constructs) (Figure 10B). Similar 

results were seen from the dual constructs where IL-12p40 was detected and the frequency 

of IL-12p40 was statistically significant compared to untreated control (p<0.0001 for all 

dual constructs). (Figure 10B). RNA replicons encoding scIL-12 MSA alone showed the 

greatest frequency of events when looking at the IL12p40 quadrant. When looking at the 

double-positive gate, we see a small fraction of cells that stained positive for both IL-18 

and IL-12 with the frequency being highest in the dual constructs compared to untreated 

control. By MFI, we see a shift in the single IL-18 RNA replicons that were statistically 

significant for IL-18 (p<0.0001 for all single RNA replicon constructs). There was a 

modest increase of IL-12p40 in the dual replicons compared to control whereas the scIL-

12 MSA showed a great increase in MFI. 
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Lipid nanoparticle encapsulated RNA replicons transfected B16F10 and cocultured in 

vitro with naïve total murine splenocytes show IFN-γ production in response to IL-12 and 

IL-18   

 

Motivated by results from the previous experiment, B16F10 cells were seeded and 

transfected with IL-18 RNA replicons, followed by co-culture with Cell Trace Violet 

labeled naïve splenocytes harvested from C57BL/6 female mice for 24 hours. Gating 

strategy began with FSC vs SSC gated on lymphocytes, Single Cell gate, murine CD45+ 

Cell Trace labeled+ lymphocytes to differentiate between unlabeled B16F10 melanoma 

cells, CD4 vs CD8, CD3 by CD11b, followed by NK1.1 by CD11b and subdivided between 

CD3- CD11b+ for myeloid cells and CD3- CD11b+ NK1.1 for NK cells, lastly gating on 

CD3- NK1.1+ IL18R+ looking at IFN-γ production (Figure 11). This staining panel did 

not have a B-cell specific marker or live dead Aqua for the exclusion of dead cells due to 

Cell Trace Violent labeled splenocytes causing spectral overlap.  
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Figure 11. Example gating strategy used for NK1.1+ IL18R+ subset for B16F10 

cocultured with splenocytes. 

Flow cytometry gating strategy used for identification of CD3- CD11b myeloid cells, 
CD3- CD11b+ NK1.1+ NK cells, and the NK1.1+ IL18R+ subset. 

Flow cytometry analysis of cells from this co-culture revealed an IFN-γ production 

shift in a subset of NK1.1+ IL18R+ cells compared to untreated control and absent in single 

cytokine-producing IL-18 RNA replicons (Figure 12A). As expected, IL-12 MSA induced 

IFN-γ responses within the coculture (Figure 12A). Similar IFN-γ shifts were seen in CD8+ 

T-cells, CD3- CD11b+ myeloid cells, and CD3- NK1.1+ total NK cells (Figure 12B). Cell 

media supernatant was saved 6 hours post-transfection and 24 hours post-transfection to 

quantify IFN-γ production by ELISA. Little to no IFN-γ was detected by ELISA at 6 hours 

(data not shown). The IFN-γ ELISA data corroborates the findings observed by flow 

cytometry at 24 hours where increases in IFN-γ production were primarily noted in the 
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dual constructs with scIL-12 and Full-Length IL-18 that averaged 2,232.8 pg/mL followed 

by scIL-12 and tsPa IL-18 averaging 762.2 pg/mL and lastly scIL-12 and Active IL-18 

averaging 336.0 pg/mL (Figure 13). 
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Figure 12. Histograms of IFN-γ production in different immune subsets of B16F10 

coculture of representative samples. 

A. IFN-γ production of NK1.1+ IL18R subset (n=3 technical triplicates). Dark line 
depicts where a positive gate was drawn. B. IFN-γ production in CD8+ T-cells, CD3- 
CD11b+ NK1.1+ Total NK cells, and CD3- CD11b+ myeloid cell subsets. (n=3 
technical triplicates). The dark line depicts where the positive gate was drawn. 

 

Figure 13. Increased IFN-γ production in IL-12 and IL-18 dual constructs in B16F10 

coculture with fresh naïve splenocytes after 24 hours by ELISA. 
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Quantification of IFN-γ production secreted in the supernatant by ELISA. ****P-
value<0.0001 using ordinary one-way ANOVA with Dunnett’s multiple comparisons test, 
with single pooled variance. 

Cytokine stimulation assay validation of synergism of IL-12 and IL-18 

 

Concurrently in a separate study, a cytokine stimulation assay experiment was 

designed to mimic what was seen in the co-culture experiment and validate IL-12 and IL-

18 synergism triggering the production of IFN-γ by flow cytometry. Cells were gated on 

Single Cell/Live/CD45+/CD3- CD11b+/NK1.1+/IL18R+/IFN-γ. The NK1.1+ IL-18R+ 

subset showed that stimulation with either IL-2 or IL-12 led to the upregulation of IL18R 

compared to untreated control but not IFN-γ (Figure 14.).  
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Figure 14. In vitro cytokine stimulation assay with recombinant IL-2, IL-12, IL-18, and 

scIL-12 at different doses for 24 hours 

Representative schematic of cytokine stimulation assay of 100,000 splenocytes (n=2 
technical replicates per condition) for 24 hours in vitro. Recombinant  IL-2 final 
concentration was 5 ng/mL, recombinant IL-12/scIL-12 final concentration was either 
0.1 ng/mL (low) or 1 ng/mL (high), and recombinant IL-18 final concentration was 10 
ng/mL (low) or 30 ng/mL (high). Black line represents positive gate cut-off. 

CD8+ T-cells were also not producing IFN-γ upon single administration of any 

cytokine regardless of dose level (data not shown). When IL-12 was combined with IL-2, 

IL-18R was upregulated more profoundly with a slight increase in the frequency of IFN-γ 

in both the NK1.1+ IL18R+ and CD8+ compartment. When IL-12 and IL-18 were spiked 

together, a strong robust IFN-γ response was produced in response to the stimuli (Figure 
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14)). This was also noted when IL-2, IL-12, and IL-18 were added together in combination 

(Figure 14). scIL-12 showed similar results when given at the same dose as recombinant 

IL-12 (Figure 14). Only when all 3 cytokines were combined, there was IFN-γ expression 

induced in CD8+ T-cells (data not shown). These findings together with the previous 

studies presented in this chapter support the hypothesis of IL-12 and IL-18 synergy. 

Discussion 

IL-12 and IL-18 synergy is well established in the literature and still plays an 

important role in our understanding of key drivers of robust immunological responses in 

the context of cancer (Nakahira et al., 2002; Nakanishi, 2018; Tominaga et al., 2000). As 

presented in the earlier section of this chapter, in our experiments IL-18 alone was not able 

to induce IFN-γ expression in splenocytes in an in vitro co-culture setting which 

corresponds with published literature (Nakanishi, 2018, Figure 12). Interestingly, not all 

IL-12 encoding RNA replicons were able to induce IFN-γ which was not expected because 

it is well understood that IL-12 induces IFN-γ production in CD8+ T-cells, natural killer 

cells, and macrophages (Leonard et al., 1997; Vignali & Kuchroo, 2012, p. 12). Dual 

construct scIL-12 and Active IL-18 and IL-12 MSA induced the least amount of IFN-γ 

compared to that of scIL-12 and Full-Length IL-18 and scIL-12 and tsPa IL-18 (Figure 12 

and Figure 13). In the latter cases that induced robust IFN-γ, IL-18 acted as a costimulatory 

cytokine synergizing with IL-12 (Kohno et al., 1997; Nakahira et al., 2002; Tominaga et 

al., 2000, Figure 12). One possible hypothesis for the low production of IFN-γ—or lack 

thereof—could be due to anergy.  

Traditionally, activation of T-cells requires two signals: one from a specific antigen 

and another by a costimulatory signal (Bretscher, 1999). Cytokines act as an inflammatory 
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signal 3 to extend the duration of the response (Curtsinger et al., 1999). It has been shown 

that out of sequence signaling by a strong systemic cytokine response can lead to anergy 

and paralysis of CD4+ T-cells unable to respond to antigen leading to defective 

proliferation and activation (Sckisel et al., 2015). In the B16F10 co-culture system, 

splenocytes were added 24 hours post-transfection of B16F10 with RNA replicons. In the 

dual construct conditions, IL-12 is secreted in high quantities in the cell media supernatant 

by IL-12p70 ELISA (data not shown) and has also been previously described (Li et al., 

2020). This would mean naïve splenocytes were added immediately into an environment 

containing highly concentrated cytokine and incubated for an additional 24 hours before 

quantification of IFN-γ and flow cytometry analysis. In the situations where IL-18 was 

present, IL-18 acted as a costimulatory signal to overcome the initial burst of cytokine 

present and could explain why IFN-γ was detected by ELISA in the scIL-12 and Active 

IL-18 case but not the IL-12 MSA (Figure 13). Thus, developing a way to control the 

amount of cytokine produced is essential to prevent overstimulation or unwanted side 

effects allowing for better control and tunable kinetics (Andries et al., 2015; Chung et al., 

2015; Slusarczyk et al., 2012; Wagner et al., 2018).   

Another possible explanation is that in the context of a viral infection, IFN-γ differs 

based on the cytokine combination present. It also differs based on the type of viral 

infection. Despite non-viral RNA replicons do not produce infectious progeny, they are—

however—derived from viral sequences making them “virus-like”. In the literature, a study 

was conducted examining two subsets of CD8+ T-cells, CD8 effectors, and CD8 memory, 

showing that the cytokine milieu in which the cells are in at the time will determine how 

much IFN-γ is produced (Freeman et al., 2012). The authors found IL-12 and IL-18 
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produced the highest IFN-γ in response when treated with 10 ng/mL of each cytokine in 

CD8 effectors 8 days post-viral infection hitting between 76.6 and 77.5% whereas IL-12 

alone they only saw a modest increase of 14.9% of IFN-γ in unsorted CD8+ cells and even 

less when IFN-γ CD8+ cells were sorted with only 2.1% IFN-γ detected. (Freeman et al., 

2012). Moreover, the CD8+ memory unsorted vs sorted showed similar levels around 

31.6% versus 41.3% sorted IFN-γ (Freeman et al., 2012). Authors also showed that 

stimulating 100 ng/mL was not sufficient to drive responses in CD8+ T-cells with 

individual cytokines further suggesting the need for at least two signals to activate a T-cell. 

In the cytokine stimulation assay, IL-12 alone did not induce IFN-γ yet when in 

combination with IL-18 led to detectable levels of IFN-γ producing cells by flow cytometry 

(Figure 14). This further supports the idea that IL-18 acts as a costimulatory cytokine. In 

this system, due to the lack of activation and costimulatory signal (i.e. α-CD3/α-CD28), 

cells were pre-exposed to a signal 3 out of order leading to impaired ability to produce 

IFN-γ and required an additional signal. Unlike the B16F10 co-culture experiment where 

IL-12 MSA was able to induce some IFN-γ (Figure 12A), there were no tumor antigens 

available to supply signal 1 in the cytokine stimulation assay because these were all fresh 

naïve splenocytes. A limitation of this assay was that the IFN-γ produced was significantly 

greater than that what was seen in the B16F10 co-culture. This is possibly due to the pure 

population of the cytokine stimulation assay versus the addition of cancer cells making the 

system more complex. So, the two systems are not directly comparable. In general, in vitro 

assays do not recapitulate the in vivo complexities of the tumor microenvironment but offer 

insight into how we understand systems. 
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Lastly, it was hypothesized that ICD and pyroptosis may be playing a major role in 

the release of IL-18 in this system. Pyroptotic cell death is caused by programmed 

proteolytic activated gasdermin proteins (i.e. Gasdermin D) forming pores on the plasma 

membrane leading to cell swelling and lysis (Tsuchiya, 2021). It has been shown that IL-

1β utilizes gasdermin D pores to exit the cell and be secreted in vivo (Heilig et al., 2018). 

Conventionally, IL-1β and IL-18 share the same pathway by utilizing caspase-1 upon 

inflammasome activation to become proteolytic cleavage so it is not inconceivable that 

both cytokines can utilize the same method to exit the cell. Given the results presented in 

Figure 12,  pyroptosis may be responsible for the release of IL-18 from the dual scIL-12 

and Full-Length IL-18 arm by caspase-1 followed by a massive production of type I 

interferon which warrants further investigation to better understand the mechanism of 

action of this pathway. This effect was dampened when compared to scIL-12 and Active 

IL-18 containing no signal peptide. But the production of IFN-γ in scIL-12 and Active IL-

18 supports the hypothesis that IL-18 is bioactive without needing to undergo proteolytic 

cleavage. This conclusion is based on the findings in this chapter showing that both IL-12 

and IL-18 are needed to drive robust IFN-γ production by upregulation IL-18 receptor. 



 

 

Chapter V. 

Conclusions and Outlook 

Based on the findings in Chapter III, IL-18 RNA replicons were validated by gel 

electrophoresis. Next, model cell lines were chosen to run a pilot study examining if IL-18 

can be produced transiently in vitro using C2C12 murine myoblasts and RAW264.7 

macrophages. Results from the time course ELISAs confirmed IL-18 can be produced, 

detected, and quantified in a time-dependent fashion. A more translatable delivery 

method—lipofectamine—was chosen, optimized, and characterized for subsequent studies 

using mCherry. Following confirmation of efficient nanoparticle-mediated RNA delivery, 

I quantified responses to the production of transient induced cytokines by ELISA and flow 

cytometry. These findings support the hypothesis that: 1) IL-18 is bioactive in the absence 

of a signal peptide; 2) IL-12 and IL-18 replicons synergize; 3) the synergy between IL-12 

and IL-18—in the context of RNA replicons—may induce ICD and pyroptosis.  

In this thesis, we have expanded the understanding of how IL-18 is produced by 

the cell and provided evidence that IL-18 can be bioactive without a signal peptide. Armed 

with this knowledge, one can begin to design more complex systems involving 

pharmacokinetics by utilizing different forms of IL-18 in cancer cells that are prone to 

dysregulation of IL-18 like lung cancer and colorectal cancer. One hope is that being able 

to better control IL-18 production can mitigate side effects associated with it being 

pleiotropic. IL-18 is already being utilized as a way to augment CAR-T cells to improve 

production and cytotoxicity (Hu et al., 2017). Moreover, there have been advancements in 
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generating an IL-18 that has a higher binding affinity to the IL-18 receptor and can escape 

IL-18 binding protein, the cell’s natural IL-18 antagonist (Dinarello et al., 2013; Zhou et 

al., 2020).  

Another example would be the development of tunable switches for spatiotemporal 

control of protein production in a cell (Chung et al., 2015). This area is of great interest in 

the field of gene therapy as well as pharmacology and toxicology. A growing field that is 

in parallel to this idea is the use of protein degraders by utilizing the cell’s natural garbage 

disposal system consisting of an E3 ligase and ubiquitin. Recognition of ubiquitinated 

proteins via degron sites by E3 ligase leads to effective recruitment of the proteasome and 

catalyzed degradation of the tagged protein (Lu et al., 2015).  

Furthermore, as discussed in Chapter IV, it has been shown that IL-1β utilizes 

gasdermin D pores to exit the cell and be secreted in vivo suggesting a possible exploratory 

direction using IL-18 RNA replicons to better understand how IL-18 becomes releases 

from the host cell (Heilig et al., 2018). To further improve understanding of the mechanism 

associated with proteolytic cleavage of the precursor pro-IL-18 and its release from the 

host cell, studies conducted in an in vivo setting using xenograft implanted cancer cell lines 

will be informative. Further investigation in vivo is needed to confirm the in vitro findings 

covered within the scope of this thesis. 

Another important aspect that requires investigation is whether anergy plays as 

significant of a role as proposed in Chapter IV, which we hypothesized was the reason for 

the diminished production of an IFN-γ response by IL-12 RNA replicons. One can also 

hypothesize that IL-18 binding protein may be playing a role along with other inhibitory 

signals such as IL-10, a pro-survival signal that diminishes pro-inflammatory responses 
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and preventing IL-18 from co-stimulating with IL-12 during an inflammatory response 

(Dinarello et al., 2013; Hiraki et al., 2012). 

 In summary, RNA is making a comeback as a re-emerging technology contributed 

by the improvements in the field of drug delivery offering a versatile platform to push 

technological innovation and opening the door to safer next-generation cancer 

immunotherapies. 
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