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ABSTRACT 

INSULIN AND DMA SUPPRESS THE INNATE IMMUNE RESPONSE AGAINST 

AAV

Tianxiang Qi

α, IL 1β, 

β. These elevations were effectively mitigated by either DMA or insulin. At 

in vivo

α and 



β. These increases were significantly attenuated by the administration of insulin 
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CHAPTER 1 INTRODUCTION 

1.1 Genetic Disorders and Gene Therapy 

Genetic diseases are disorders caused by DNA abnormalities, ranging from single-

gene mutations, as seen in cystic fibrosis and Huntington's disease, to chromosomal 

abnormalities like Down syndrome.(McNeill, 2023) They can also include multifactorial 

disorders, influenced by multiple genes and environmental factors, such as heart disease 

and diabetes, and mitochondrial disorders, often inherited maternally. (Jackson et al., 2018) 

Diagnoses are typically made through genetic or chromosomal testing. Treatments vary 

widely, from managing symptoms to advanced approaches like gene therapy, depending on 

the specific disorder.(Chen et al., 2023)

Gene therapy is a revolutionary medical technique that involves modifying or 

manipulating genes to treat or prevent disease. Instead of using drugs or surgery, gene 

therapy works by introducing, removing, or altering genetic material within a person's cells 

to restore normal function or to enhance the body's ability to fight disease.(Mulligan, 1993) 

This can be achieved through various methods, such as replacing a disease-causing gene 

with a healthy copy, inactivating a malfunctioning gene, or introducing a new or modified 

gene to help treat a condition. Gene therapy holds immense potential for treating a range 

of diseases, including inherited disorders, some types of cancer, and certain viral infections. 

The approach is still largely experimental but has seen significant advancements and 

successes in recent years, particularly in treating genetic disorders like spinal muscular 

atrophy and certain forms of inherited blindness. (Danaeifar, 2022) Despite its promise, 

gene therapy faces challenges such as delivery methods, immune responses, and ensuring 
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precise and safe gene editing.

The history of gene therapy clinical trials is a testament to the evolving field of genetic 

medicine, beginning in the late 1980s with the first human trials and experiencing a 

significant milestone in 1990 with the successful treatment of a child with severe combined 

immunodeficiency (SCID).(Fischer et al., 2002) However, the journey has not been 

without setbacks, including safety concerns highlighted by the tragic death of Jesse 

Gelsinger in 1999 and instances of leukemia in treated SCID patients, which prompted 

stricter regulations and a reevaluation of therapy protocols.(Grilley & Gee, 2003) Despite 

these challenges, the 2000s and 2010s saw remarkable advancements, including improved 

vector designs, the introduction of genome editing technologies like CRISPR/Cas9, and 

the first FDA approvals of gene therapies for inherited diseases and certain cancers.(Zhang 

et al., 2018) This progress has solidified gene therapy's role as a groundbreaking and viable 

treatment option for a range of genetic disorders.

1.2 Gene Therapy Vehicles 

Gene therapy involves introducing genetic material into a patient's cells to treat or 

prevent disease, typically achieved using vectors – vehicles that deliver therapeutic genes 

into the cells. The most common vectors are viruses, which have evolved to efficiently 

insert their genetic material into host cells. These viruses are modified to be safe, removing 

their ability to cause disease while retaining their delivery capabilities. Adenoviruses, 

adeno-associated viruses (AAV), lentiviruses, and retroviruses are among the most used 

viral vectors.(Jiang et al., 2023) Besides viral vectors, non-viral methods, such as lipid 

nanoparticles and naked DNA, are also explored for their safety and simplicity, though they 

generally offer lower efficiency compared to viral methods.(Jin et al., 2022) 
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Comparing the four common types of viral vectors used in gene therapy, each of them 

has their own advantages and disadvantages. Adenoviruses are highly efficient in a wide 

range of cell types and can carry large DNA payloads (up to 7.5kb), but their use is often 

limited by strong immune responses and transient gene expression.(Trivedi et al., 2023) 

Lentiviruses can integrate into the host genome, ensuring long-term expression, and infect 

both dividing and non-dividing cells, but this integration raises concerns about insertional 

mutagenesis.(Perry & Rayat, 2021) Retroviruses, also integrating vectors, are limited to 

infecting dividing cells and carry similar risks of insertional mutagenesis, which has led to 

a decline in their use compared to other vectors.(Li et al., 2023) AAV, with its restricted 

genetic material capacity of up to 4.3kb, stands as the most widely employed viral vector 

in clinical trials due to its non-pathogenic nature, which minimizes safety concerns. It can 

infect both dividing and non-dividing cells, making them suitable for a variety of 

applications.(Sant’Anna & Araujo, 2022)

1.3 AAV biology 

AAV belongs to the Parvoviridae family and is a small, non-enveloped virus 

characterized by its simplicity.(Naso et al., 2017) It possesses a single-stranded DNA 

genome of approximately 4.7 kilobases, enclosed within a protective protein shell.(Asaad 

et al., 2023) Within its genome, AAV houses two crucial genes, rep (replication) and cap 

(capsid), flanked by inverted terminal repeats (ITRs) necessary for replication and 

packaging. What sets AAV apart is its unique reliance on helper viruses, such as adenovirus 

or herpesvirus, to complete its life cycle. In the absence of a helper virus, AAV can either 

integrate into the host genome or persist episomally. Additionally, AAV exhibits a broad 

tropism, allowing it to infect various cell types, and is relatively less immunogenic 
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compared to other viral vectors, making it a favorable choice for gene therapy 

applications.(Oliveira, 2010)

The history of AAV is a remarkable journey from its serendipitous discovery in the 

1960s as a contaminant in adenovirus preparations to its pivotal role in gene therapy.(Carter, 

2004) Initially mistaken as a variant of adenovirus, further research revealed its distinct 

nature. While primarily of interest to virologists studying its interactions with helper 

viruses in its early years, AAV's potential in gene therapy became evident in the 

1980s(Hermonat & Muzyczka, 1984) and 1990s(Ohi et al., 1990). Its ability to infect both 

dividing and non-dividing cells, coupled with its low pathogenicity and immunogenicity, 

made it an attractive candidate for gene therapy. The turning point came in the early 2000s 

when clinical trials using AAV vectors began, leading to a significant breakthrough with 

the FDA approval of Luxturna in 2017, an AAV-based therapy for inherited blindness.(Dias 

et al., 2018) This marked a transformative moment in the field of gene therapy, and today, 

AAV stands as one of the most widely used vectors in this field, with numerous ongoing 

clinical trials targeting various diseases, underscoring its journey from laboratory curiosity 

to a cornerstone of modern medicine.
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1.4 AAV Laboratory production 

Laboratory production of AAV has undergone significant advancements for both 

research and therapeutic applications, driven by technological progress and a deeper 

understanding of the virus's biology. Discovered in the 1960s as an incidental finding in 

adenovirus samples, AAV initially garnered interest among virologists for its unique 

biological properties.(Hoggan et al., 1966) By the 1980s, the emergence of gene therapy 

highlighted AAV's potential as a vector, attributed to its broad infectivity across various 

cell types and low immunogenicity. Early AAV production methods in labs relied on co-

infecting cell cultures with a helper virus, typically an adenovirus, reflecting AAV's natural 

requirement for a helper virus for replication. This approach, however, faced challenges in 

yield and purity.(Rolling & Samulski, 1995) Addressing these issues, researchers later 

developed helper virus-free systems, utilizing plasmids in a transfection method to supply 

the necessary AAV Rep and Cap proteins, along with the helper functions initially provided 

by the helper virus.(D. Wang et al., 2019)

Modern AAV production typically involves the transfection of a producer cell line, 

such as HEK293 cells, with multiple plasmids. One plasmid carries the AAV vector 

genome, encompassing the gene of interest flanked by AAV ITRs, while another plasmid 

contains the Rep and Cap genes. A third plasmid provides the necessary helper 

functions.(Kimura et al., 2019) This approach is widely favored for its efficiency and safety 

benefits. Notably, it eliminates the need for a helper virus, thereby reducing the risk of 

contamination with wild-type viruses and enhancing the purity of the AAV product. 

Moreover, a recent innovation in AAV production has introduced a two-plasmid system, 
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consolidating the Rep and Cap genes with the adenoviral helper gene into a single 

plasmid.(Tang et al., 2020) This streamlined system has demonstrated superior efficiency 

and convenience compared to the conventional three-plasmid setup. Advancements in cell 

culture and purification techniques have further enabled the scalable production of AAV 

vectors. Purification methods, including ultracentrifugation, chromatography, and filtration, 

are employed to refine and purify the AAV particles.(Lam et al., 2023)

The production of AAV in the laboratory has transitioned from a helper virus-

dependent process to a sophisticated, helper-free system. This evolution reflects a deeper 

understanding of AAV biology and meets the need of gene therapy, leading to more 

efficient, scalable, and safer AAV vector production methods.

1.5 AAV serotypes 

AAV serotypes are distinct variations of the AAV virus, each characterized by its 

unique capsid protein structure.(Wu et al., 2006) These serotypes are naturally occurring 

variants that have been isolated from various sources over time. The differences in their 

capsid proteins confer distinct tissue tropisms, transduction efficiencies, and immunogenic 

profiles, making each serotype suitable for different therapeutic applications in gene 

therapy.  

Over a dozen AAV serotypes have been identified (e.g., AAV1, AAV2, AAV5, AAV8, 

AAV9 etc.), each with unique properties.(Wu et al., 2006) They were discovered through 

both isolation from human and non-human tissues and through molecular engineering. One 

of the most critical features distinguishing AAV serotypes is their tissue tropism – the 

ability to target and transduce specific cell types. For example, AAV1 is efficient in 

transducing muscle cells, AAV2 is often used for targeting the central nervous system and 
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retina, while AAV8 and AAV9 are known for their ability to transduce liver and heart cells, 

respectively. Different serotypes vary in their ability to transduce cells efficiently.(Wu et 

al., 2006) This efficiency is influenced by the serotype’s ability to bind to specific receptors 

on the target cell surface and by its subsequent ability to transport the genetic material into 

the cell nucleus.

The diversity of AAV serotypes and their unique characteristics offer a versatile toolkit 

for gene therapy, allowing for tailored approaches to treat a wide range of genetic disorders. 

As research progresses, the understanding and utilization of different AAV serotypes 

continue to evolve, enhancing the precision and effectiveness of gene therapy strategies.
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Table 1.1 Serotypes of AAV in Gene Therapy and Targeting Tissue 

Serotypes Targeting Tissue

AAV1 Skeletal muscle, CNS

AAV2 Kidney

AAV4 CNS, Eyes

AAV5 CNS, Eyes

AAV6 Skeletal muscle

AAV7 Skeletal muscle

AAV8 Skeletal muscle, Liver, Heart, 

Pancreas

AAV9 Skeletal muscle, Liver, Lung
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1.6 AAV Mediated Gene Therapy Clinical Trial 

The history of clinical trials involving AAV spans several decades. The first disease to 

be investigated in order to assess the effectiveness of AAV as a gene therapy platform was 

cystic fibrosis. Cystic fibrosis is primarily caused by mutations in both copies of the Cystic 

fibrosis transmembrane conductance regulator gene (CFTR), resulting in its improper 

function.(Taylor-Cousar et al., 2023) In these clinical trials, Recombinant AAV vectors 

were modified to carry the CFTR gene. The introduction of the normal CFTR gene had the 

potential to restore chloride transport and reduce the abnormal proinflammatory cytokines 

associated with cystic fibrosis. However, the efficiency of CFTR gene correction using 

AAV was limited due to the challenging environment in the cystic fibrosis lungs, which 

includes a high number of white blood cells, mucus, and lytic enzymes. Additionally, the 

episomal proviral DNA introduced by AAV in lung epithelial cells did not integrate, and 

the rapid turnover of these cells prevented long-term correction. This trial proved that AAV 

gene delivery was safe.

Hemophilia B became the second target of AAV-based gene therapy.(Leebeek & 

Miesbach, 2021) Hemophilia B, an X-linked disorder primarily affecting males, is 

characterized by coagulation impairment due to mutations in the factor IX gene. The 

relatively small size of the factor IX gene at 1.3 kbps made it a suitable target for AAV gene 

therapy. A clinical trial based on AAV2 achieved a 10% increase in factor IX levels.(Manno 

et al., 2003) However, the therapeutic effect was hampered by the host's immune response. 

Subsequently, another clinical trial for hemophilia B utilized self-complementary AAV8-

hFIX and demonstrated a therapeutic effect that was still vulnerable to host immune system 

attacks.(Nathwani et al., 2011) They also found that immune suppressors like prednisone 
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could mitigate the immune response against the AAV-transgene cells.

The first AAV-based gene therapy approved by the FDA was Luxturna, developed to 

treat an inherited retinal dystrophy caused by mutations in the RPE65 gene.(Rodrigues et 

al., 2019) The relative isolation of the immune system within the eyeball made it a more 

favorable environment for overcoming host immune system challenges associated with 

AAV. Another FDA-approved AAV-based gene therapy was Roctavian, designed to treat 

severe hemophilia A (factor VIII deficiency) in individuals without detectable antibodies 

to AAV5, absence of a pre-existing immune response against AAV.(Dougherty & 

Dougherty, 2023)

Immune response limited the effect of AAV based gene therapy, which makes it the 

main difficulty in clinical trials. 

1.7 Immune Response Against AAV 

The immune response against AAV vectors is a critical factor in gene therapy. The 

immune system can react to AAV vectors through both innate and adaptive 

responses.(Gardin & Ronzitti, 2023) The innate immune response is the first line of defense 

and is non-specific, whereas the adaptive immune response involves specific recognition 

of the AAV vectors. The adaptive immune response against AAV can involve both cellular 

immunity (T cells) and humoral immunity (B cells and antibodies). T cells may recognize 

and destroy cells transduced by the AAV vector, while B cells can produce antibodies 

against AAV capsid proteins, neutralizing the vectors and preventing gene transfer.(Boutin 

et al., 2010) The presence of pre-existing immunity to AAV in many individuals is very 

common among populations, due to natural exposure to AAV. This pre-existing immunity, 

especially in the form of neutralizing antibodies, can significantly impact the effectiveness 
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of AAV-based gene therapy.(Dai et al., 2023)

The immune response to AAV vectors is a major challenge in clinical applications of 

gene therapy. It can limit the efficacy of the therapy, cause adverse reactions, and prevent 

repeated administration of the vector. Understanding and managing this immune response 

is crucial for the success of AAV-mediated gene therapies. Researchers are exploring 

various strategies to circumvent the immune response to AAV vectors. These include using 

alternative serotypes of AAV to which the population has less pre-existing immunity,(Hadi 

et al., 2024) modifying the AAV capsid to evade immune detection, using 

immunosuppressive drugs, (Nathwani et al., 2011) and developing transient or localized 

delivery methods(Blanc et al., 2022) to reduce immune activation.

1.8 Innate Immune Response Against AAV 

The innate immune system, which is the body's first line of defense against pathogens, 

can recognize AAV vectors as foreign entities. This recognition is typically mediated by 

pattern recognition receptors (PRRs) that detect pathogen-associated molecular patterns 

(PAMPs) present on the AAV capsid or the viral DNA. TLRs (Toll-like Receptor) are a 

type of PRR that play a significant role in the innate immune response to AAV.(Rogers et 

al., 2011) For instance, TLR9 can recognize unmethylated CpG motifs in the AAV genome, 

leading to an immune response.

 Upon recognition of AAV, innate immune cells like macrophages, dendritic cells, and 

natural killer (NK) cells can be activated. These cells can phagocytose viral particles and 

produce various cytokines and chemokines, leading to an inflammatory response. Pro-

inflammatory cytokines such as interleukins (e.g., IL-6), tumor necrosis factor (TNF), and 

interferons was elevated.(Martino & Markusic, 2020) These cytokines help in mobilizing 
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and activating other immune cells but can also contribute to inflammation and potential 

toxicity. Interferon response, particularly type I interferons, could also be induced by AAV. 

This response can inhibit viral replication and spread and activate other immune cells.

It is well established that the initial innate immune responses to recombinant AAV 

viruses are linked to TLR-2 and TLR-9, which activate pro-inflammatory gene expression 

through MyD88 intracellular signaling. Dr. Martino was notably the first to report that 

TLR-9 activation via the viral vector genome triggers innate immune responses, potentially 

eliciting both humoral and cellular adaptive immunity. This early finding has since been 

corroborated and expanded upon by subsequent research. We now understand with greater 

certainty that TLR-2 is involved in recognizing viral capsid proteins, whereas TLR-9 

activation occurs through the viral vector genome. Further investigations have revealed 

that TLR-9 plays a key role in developing adaptive immune responses.(Rogers et al., 2015) 

This was evidenced by knockout mouse experiments showing significantly reduced 

neutralizing antibody (NAB) levels in MyD88-/- and TLR9-/- mice, but not in TLR2-/- 

mice. Additionally, pro-inflammatory cytokine levels significantly changed in both 

MyD88-/- and TLR9-/- mice. Given that MyD88 is a downstream component of TLR2 and 

TLR9 signaling, these results highlight distinct functions of TLR9 and MyD88 in 

responding to the AAV virus. The innate immune response was found to be mediated 

through the TLR9-MyD88 dependent pathway. Moreover, when the TLR9-MyD88 

complex is stimulated, MyD88 can recruit either the nuclear factor kappa-light-chain-

enhancer of activated B cells (NF- κB) or the IRF7 pathway.(Rogers et al., 2011) 

The innate immune response to AAV can impact the efficiency of gene transfer and 

the overall success of AAV-mediated gene therapy. A strong innate immune response can 
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lead to the rapid clearance of the viral vectors, reducing the duration and effectiveness of 

gene expression. To improve the efficacy of AAV-based gene therapies, strategies are being 

developed to evade or modulate the innate immune response. These include engineering 

AAV capsids to reduce recognition by immune cells, using pharmacological agents to 

suppress the immune response, and modifying the AAV genome to avoid activation of 

immune responses.

1.9 Toll-like Receptor 9 

TLR9 is a type of pattern recognition receptor that is primarily located within 

endosomal compartments of immune cells like B cells and plasmacytoid dendritic cells. It 

is not typically found on the cell surface, unlike some other TLRs. TLR9 is specialized in 

recognizing unmethylated CpG dinucleotides, which are common in bacterial and viral 

DNA but are rare and usually methylated in mammalian DNA. This allows TLR9 to 

distinguish between pathogenic and self-DNA. Upon recognizing CpG motifs, TLR9 

triggers a signaling cascade that leads to the activation of NF-κB and the production of type 

I interferons and other pro-inflammatory cytokines.(Kumagai et al., 2008) This response is 

crucial for the initiation of an effective immune response against pathogens. Through the 

production of cytokines and interferons, TLR9 plays a vital role in the activation and 

regulation of both innate and adaptive immune responses. It stimulates the innate immune 

system and also helps in shaping adaptive immunity by influencing the activation and 

maturation of B cells and T cells.(Zhu et al., 2009)

When AAV enters a cell, it is typically endocytosed and trafficked to the endosome. In 

the endosome, the AAV capsid was removed, and its DNA exposed. The unmethylated CpG 

motifs in the AAV DNA can be recognized by TLR9 in the endosome. This recognition is 
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specific to the pattern of these motifs, which are distinct in viral DNA. In the realm of gene 

therapy employing AAV vectors, the detection of AAV by TLR9 presents both benefits and 

drawbacks. On one hand, it can lead to an immune response against the vector, potentially 

reducing its efficacy. Conversely, the identification of AAV confirms its non-pathogenic 

nature, thereby assuring the safety of AAV use. Investigation in this interaction can help in 

designing better vectors that evade immune detection or modulate the immune response 

for therapeutic benefit.

1.10 Macrophages 

Macrophages are a type of immune cell known as phagocytes. Their main function is 

to phagocytose (engulf and digest) cellular debris, foreign substances, microbes, cancer 

cells, and anything else that does not have the types of proteins specific to healthy body 

cells on its surface, in a process called phagocytosis. They are also involved in antigen 

presentation, a critical step in the activation of the adaptive immune system.(Ovchinnikov, 

2008)

Macrophages develop from monocytes. These macrophages originate from bone 

marrow stem cells. In this process, bone marrow stem cells are stimulated by granulocyte-

macrophage colony-stimulating factor and interleukin-3 (IL-3). This stimulation prompts 

the stem cells to partially differentiate into bone marrow precursor cells, which typically 

remain in the bone marrow for less than 24 hours. During this period, they mature into 

undifferentiated monocytes, acquiring specific membrane receptors that are essential for 

activating cytokine gene expression.(Mosser & Edwards, 2008)

Once matured, monocytes travel through the bloodstream and eventually migrate into 

various tissues of the body. It's in these tissues that they complete their transformation into 
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macrophages. Depending on their location within the body, these macrophages can differ 

in type. For example, alveolar macrophages are found in the lungs, while Kupffer cells are 

in the liver.(Lendeckel et al., 2022) Each type of macrophage plays a role tailored to its 

specific environment and function.

As part of the innate immune system, macrophages are among the first cells to respond 

to a pathogen invasion. They are important in the initiation and regulation of inflammation. 

Macrophages are involved in wound healing and tissue repair. Macrophage release 

cytokines, which are signaling molecules that mediate and regulate immunity, 

inflammation, and hematopoiesis.

1.11 Pro-inflammatory Cytokines 

Pro-inflammatory cytokines are pivotal signaling molecules within the immune system, 

playing a key role in initiating and promoting inflammation. They are essential in the body's 

defense against infections, injuries, and various immune challenges. These cytokines are 

produced by immune cells such as macrophages, dendritic cells, and T cells, in response to 

pathogens, tissue damage, or other inflammatory triggers.(Zlotnik & Yoshie, 2012)

Their primary function is to stimulate and attract additional immune cells to the site of 

infection or injury, thereby enhancing the overall immune response. Generally, these 

mediators can change vascular permeability and summon successive waves of 

inflammatory cells to specific infection sites, largely driven by resident macrophages in 

tissue or luminal spaces.(Frew et al., 2018) In addition to their local impact, some pro-

inflammatory cytokines can also have systemic effects. When secreted in appropriate 

amounts, these cytokines are beneficial for the host, aiding in effective immune responses. 

However, excessive production of these cytokines can lead to fatal side effects, potentially 
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causing severe consequences for the individual.(Qudus et al., 2023)

The production of pro-inflammatory cytokines mainly involves PRR Pathways within 

the immune system. Especially, in the infection of AAV virus, the expression of pro-

inflammatory cytokines was induced by TLR9-NF- κB pathway.(Rogers et al., 2011)

1.12 Type I Interferons

Type I interferons (IFNs) are a significant group of polypeptides crucial in the body's 

defense against viral infections, primarily functioning within the innate immune system. 

These interferons, including the well-known interferon-alpha (IFN-α) and interferon-beta 

(IFN-β), are secreted by white blood cells and other cell types in response to pathogenic 

challenges, particularly intercellular pathogens like viruses. Upon viral infection, type I 

interferons could induce an antiviral state in both infected and neighboring cells, thereby 

limiting the replication of viruses.(Schultz, 2004) This function is critical in suppressing 

viral production while the adaptive immune system is being primed.

Type I interferons activate a signaling cascade that enhances the expression of 

interferon-stimulated genes. These genes encode proteins that interfere with viral 

replication and spread. Additionally, type I interferons inhibit protein synthesis and cellular 

proliferation in infected cells and increase the expression of receptors needed for 

recognition by cytotoxic T-cells and NK cells. The activation of TLR9 can increase the 

expression of type I interferons through the MyD88-IRF7 pathway.(Ji et al., 2022)

1.13 Insulin 

Insulin is a vital hormone that plays a central role in regulating glucose metabolism in 

the body. Insulin is produced by beta cells in the pancreas. Its release is primarily stimulated 

by an increase in blood glucose levels, typically after eating. Insulin secretion is a tightly 
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regulated process, responding to the body's fluctuating metabolic needs. It promotes fat 

storage by inhibiting the breakdown of fat (lipolysis) and supports protein synthesis in 

various tissues.(Sonksen & Sonksen, 2000) This anabolic role of insulin is essential for 

growth and repair processes in the body.

Insulin exerts its effects by binding to insulin receptors on the surface of cells. This 

liganded receptor will be internalized through dynamin clathrin-coated endocytosis. After 

insulin receptor phosphorylation occurs, the insulin pathway will be triggered.(Ward & 

Lawrence, 2009) This activates a cascade of signaling pathways that lead to the various 

metabolic effects of insulin, including increased glucose uptake, enhanced synthesis of 

glycogen, fats, and proteins, and decreased breakdown of these molecules.

In recent research, insulin exhibits acute anti-inflammatory properties. Insulin has 

been shown to suppress the production of pro-inflammatory cytokines, such as tumor TNF-

α and IL-6.(Petersen & Shulman, 2018) This action can help mitigate systemic 

inflammation, which is a common feature in conditions like obesity and type 2 diabetes. 

Insulin exhibits anti-inflammatory effect through blunting the expression of NF-κB in the 

nucleus and stimulates IkappaB kinase. 

Insulin is also recognized as a regulator of the immune system, including different 

immune cells.(Makhijani et al., 2023) This regulatory effect was believed to involve in the 

uptake and utilization of glucose, which is vital for the energy needs of these cells. 

Metabolic control is essential for the proper functioning of immune cells, including their 

growth, differentiation, and response to pathogens. Different immune cells could display 

different responses upon insulin challenge. In dendritic cells, insulin drives increased 

scavenger receptor expression via Extracellular Signal-Regulated Kinase signaling (ERK) 
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with and without TLR activation.(Lu et al., 2015) In T-cell and T-regulatory cells, insulin 

increased IL-2 responsiveness and chemotaxis, improved glycolytic and mitochondrial 

metabolism and drives reduction of IL-10 production.(Han et al., 2014) Bone marrow 

derived macrophages (laboratory generated) exhibit an increase in cytokine production 

upon insulin stimulation. However, in tissue-specific macrophages like alveolar and 

peritoneal macrophages, insulin displayed a suppression against cytokines.(Tessaro et al., 

2017)

Insulin's role in inflammation is an important aspect of its physiological effects, 

extending beyond its metabolic actions. This dual role makes insulin a molecule of 

significant interest not only in the context of metabolic disorders but also in a broader range 

of inflammatory diseases.

1.14 Insulin Improves Transduction to Skeleton Muscle and Liver 

Previous studies conducted by our lab have demonstrated that co-administering insulin 

with AAV significantly enhances gene transfer in murine skeletal muscle, liver, and similar 

in cultured cells.(Carrig et al., 2016) When insulin is activated, it triggers the 

Phosphoinositide 3-Kinase (PI3K) pathway, leading to various metabolic functions, such 

as increased glucose uptake in skeletal muscles and adipose tissue and stimulating 

glycogenesis in the liver. This pathway also promotes the synthesis of triglycerides. 

Crucially, heightened PI3K activity boosts Dynamin-mediated clathrin-coated endocytosis, 

a mechanism utilized by AAV for cellular entry. Our laboratory has demonstrated that the 

improved AAV gene transfer to the liver and skeletal muscle following acute insulin co-

administration is primarily due to an increased entry of the vector into cells. This is based 

on the observation that the co-administration of insulin was brief (lasting 2 to 4 hours), 
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suggesting that the enhanced viral vector uptake was the primary response mechanism.

When comparing the outcomes of in vivo and in vitro studies regarding insulin's role 

in enhancing AAV transduction, it is evident that the in vivo studies demonstrate a more 

pronounced increase. In vitro studies have confirmed that insulin promotes endocytosis, 

leading to enhanced transduction efficiency. Based on these findings, it is reasonable to 

infer that insulin in vivo may have additional effects beyond just facilitating endocytosis. 

1.15 N, N-Dimethylacetamide (DMA) 

Dimethylacetamide (DMA), with the chemical formula CH₃C(O)N(CH₃) ₂, is a 

colorless, high boiling, polar aprotic solvent with a slight ammonia odor. It is miscible with 

water, benzene, alcohols, ethers, and chlorinated solvents.

DMA is an excellent solvent for a wide range of organic and inorganic compounds. Its 

high solvency power makes it particularly useful in the pharmaceutical, textile, plastic, and 

coating industries. DMA's ability to dissolve a wide range of organic compounds makes it 

valuable in the pharmaceutical industry for solubilizing drugs that are poorly soluble in 

water or other common solvents. This property can enhance the bioavailability of certain 

medications. DMA was shown to be related to toxic hepatitis upon long term exposure in 

several factories that utilize DMA as solvent.(J. Wang & Chen, 2020)

In recent years, there has been growing interest in the pharmacological effects of DMA. 

Initially, DMA demonstrated its anti-inflammatory properties by rescuing timed pregnant 

mice from pre-term birth induced by lipopolysaccharide exposure.(Gorasiya et al., 2018) 

Subsequently, its anti-inflammatory potential was subsequently confirmed in the context 

of inflammatory bowel disease, where DMA effectively reduced the release of cytokines 

and chemokines both in vivo and in vitro.(B Koya et al., 2022) Moreover, DMA exhibited 
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the ability to inhibit amyloid-β-induced inflammation in Alzheimer's disease models, both 

in vitro and ex vivo.(Wei et al., 2023)

While the comprehensive impact of DMA and its associated pathways are still subjects 

of ongoing research, DMA holds promise as a potential anti-inflammatory agent. 

Furthermore, it may have the potential to mitigate the innate immune response against AAV.

1.16 Transwell Co-culture 

       Transwell is essentially permeable culture insert that consist of a plastic housing with 

a porous membrane at the bottom. These devices were designed to allow the study of 

cellular processes such as cell migration, invasion, and interaction between cells in a 

controlled laboratory environment.(Yuan et al., 2020) They enable researchers to create a 

barrier or separation between two compartments while still allowing for the exchange of 

soluble factors, cells, or molecules between them. This makes them valuable tools for 

studying processes like chemotaxis, barrier function, drug transport, and cell signaling.

       In our earlier research, we examined how individual cell lines react to AAV in terms 

of cytokine response. We found that neither macrophage cells nor liver cells showed a 

response when exposed to AAV. This observation led us to consider the complexity of in 

vivo environments, where immune cells and normal cells interact to trigger an immune 

response. We recognized that single cell lines, when isolated in vitro, may not effectively 

replicate this complex immune response. To address this, we implemented a transwell co-

culture system. This system enabled us to culture both macrophages and normal cells 

within the same environment, better simulating the natural interactions of the immune 

system. The transwell approach provided a more representative model for studying the 

immune response to AAV.
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1.17 Goal of Study

1.17.1 Hypothesis

The innate immune response includes cytokine expression and macrophage migration can be 

blocked by insulin and DMA acute administration.

1.17.2 Special Aims 

Aim 1: Use insulin or DMA to blunt the innate immune response against AAV1 and 

TLR9 in co-cultured human macrophage and liver cell lines. The cytokine expressions 

were measured at 2h, 6h and 24h.

Aim 2: Use insulin or DMA to blunt the innate immune response against AAV1 and 

TLR9 in C57BL/6 mice skeleton muscle at 2h and 6h. 
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CHAPTER 2 MATERIALS AND METHODS 

 

2.1 Primer Design 

All primers were designed by the primer-blast 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi) provided by NCBI.(Ye et al., 

2012) All primers were chosen to follow this requirements: PCR product bps between 75-

250, Melting point between 58.5-61.5 , Primer self-complimentary less than 3. See 

Table 2.1 for the list of primers that were generated for this study.
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Gene Primers for Human (5’-3’) Primers for Mouse (5’-3’)

TNF-α F: CACAGTGAAGTGCTGGC

AAC

R: GATCAAAGCTGTAGGCC

CCA

F: GCCGATGGGTTGTACCTTGT

R: ATAGCAAATCGGCTGACGGT

IL-1-β F: CAGAAGTACCTGAGCTC

GCC

R: AGATTCGTAGCTGGATGC

CG

F: CCACCTTTTGACAGTGATGAG

R: GACAGCCCAGGTCAAAGGTT

IL-6 F: CAATATTAGAGTCTCAAC

CCCCA

R: TTCTCTTTCGTTCCCGGT

GG

F: ACATTCCTCACTGTGGTCAG

AA

R: TCTTCGTAGAGAACAACATA

AGTCA

IL-12 F: TTGAGGTCATGGTGGATG

CC

R: CCTGGACCTGAACGCAGA

AT

F: AGACCCTGCCCATTGAACTG

R: CAGGAGTCAGGGTACTCCC

A

INF-γ F: AGGCTTTATCTCAGGGGC

CA

R: AGCACTGGCTCAGATTGC

AG

F: GACAATCAGGCCATCAGCA

AC

R: CTCATTGAATGCTTGGCG

CT

INF-α F: TCGCCCTTTGCTTTACT

GAT

R: GGGTCTCAGGGAGATCA

CAG

F: CTACTGGCCAACCTGCTCTC

R: CTGCGGGAATCCAAAGTCCT



25

INF-β F: AACTCATGAGCAGTCTGC

AC

R: AGGAGATCTTCAGTTTC

GGAGG

F: ATCAACCTCACCTACAGGGC

R: ATCTCTTGGATGGCAAAGG

CA

GAPDH F: GGATTTGGTCGTATTGGG

R: GGAAGATGGTGATGGGATT

 F: GTTGTCTCCTGCGACTTCA

R: ATGTCACGCACGATTTCC

ITR F: GGAACCCCTAGTGATGGA

GTT

R: CGGCCTCAGTGAGCGA

Table 2.1 Primers List for quantitative PCR.  

F: Forward Primer, R: Reverse Primer.
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2.2 U937 Cell Culture and Differentiation 

U-937 was a cell line exhibiting monocyte morphology derived from histiocytic 

lymphoma. U937 cells are purchased from ATCC (ATCC® CRL-1593.2 ) and cultured 

in modified RPMI-1640. This medium contained 10% FBS, 25 mM Hepes, 1% P/S 

antibiotic, 1.5 g/L NaHCO3, RPMI-1640 with L-glutamine (Corning). Cells were initially 

cultured in T-75 flask at 37℃ supplied with 5% CO2 in humidified incubator to prepare 

for experiments. When the cells reached 1×107/mL, U937 cells were seeded into 24-well 

plate at 2×105 cell density. To induce U937 differentiation, 10μM phorbol 12-myristate 

13-acetate (PMA) (Thermo Scientific Chemicals) was added for 24h. After 24h the PMA 

was removed, and the differentiated cells were cultured for another 48h before the 

experiment, fresh medium were replaced every 24h. All experiments are conducted on 

cells under passage 20.

2.3 Hep3B Cell Culture 

Hep3B cells were purchased from ATCC (ATCC® HB-8064 ) and cultured in 

modified Dulbecco's Modified Eagle Medium (DMEM). This medium contains 10% 

FBS, 25mmHepes, 1% P/S antibiotic, DMEM with L-glutamine(Corning). Cells were 

initially cultured in T-75 flask at 37℃ supplied with 5% CO2 in humidified incubator to 

prepare for experiments. When the cells reached 75% confluence, Hep3B cells were 

seeded into 6.5mm diameter and transwell inserts (Corning) at 4×104 cell density. The 

cells were allowed to grow for 24h before the experiment, fresh medium were replaced 

2h before experiment. All experiments are conducted on cells under passage 20.
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2.4 cDNA Samples Preparation 

Cultured cells collected from former studies were centrifuged at 1000×g for 

5minitues to pellet the cells. mRNA was then isolated from samples are using a Thermo 

GeneJet™ RNA purification kit. mRNA was then converted into cDNA by RevertAid™ 

First Strand cDNA synthesis Kit. cDNA concentration was measured by an Thermo 

Scientific NanoDrop One UV/VIS Spectrophotometer and diluted to 1000μg/mL.

A total of 10-30mg muscle tissue was sliced and sonicated at 25% amplitude. The 

homogenized sample was performed following former cultured cell procedure. 

2.5 Quantitative PCR Amplification 

cDNA was amplified using a StepOne™ Real-Time PCR System. A total of 500ng 

template cDNA was used per well, performed in duplicate. Power SYBR® Green PCR 

Master Mix (applied biosystems) was used in the quantitative PCR. Due to amplification 

following an exponential function, the Ct value or threshold cycle was used for analysis. 

When a sample crossed the predetermined threshold, the cycle number was recorded. A 

housekeeping gene’s Ct was used to normalize the results by subtracting from the gene of 

interest’s Ct to give ΔCt. The ΔΔCt value was calculated by subtracting the ΔCt control 

groups from the ΔCt experimental groups. ΔΔCt was then converted into mRNA fold-

change by using 2--ΔΔCt.

Virus titration was conducted using the pSC-CMV-GFP plasmid as a reference 

standard. To create a reference solution, 10 μL of the pSC-CMV-GFP plasmid, containing 

1010 copies, was prepared using a sample obtained from plasmid production. This 

solution underwent a series of 1:10 serial dilutions, continuing until the concentration 

was diluted down to 105 copies. For quantification, qPCR amplification was carried out 
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using the StepOne™ Real-Time PCR System, specifically utilizing its standard curve 

feature. 

2.6 Plasmid Production

Three plasmids were generated from their respective glycerol stocks for virus 

production. DH5α E. coli K12 harboring each plasmid were initially revived in 5 mL of 

LB broth supplemented with 1 μg/mL ampicillin. This culture was incubated at 37°C for 

approximately 18-20 hours, with constant shaking at 200 rpm in a MAXQ 4000 shaking 

incubator. The following day, the 5 mL starter culture was transferred to 1 L of LB broth, 

also containing 1 μg/mL ampicillin, and incubated overnight for the same duration. 

Subsequently, the LB broth cultures were centrifuged at 6000×g for 15 minutes, 

facilitating the pelleting of the bacterial cells. The pITR2-CMV-hFIX plasmid was 

isolated using the Thermo Scientific GeneJET Plasmid Maxiprep Kit, processed with 1 L 

of the corresponding LB broth. In parallel, the pDP-1 plasmid was purified utilizing the 

Invitrogen PureLink™ Expi Endotoxin-Free Giga Plasmid Purification Kit, with an 

increased volume of 4 L of the corresponding LB broth. The pSC-CMV-GFP plasmid was 

purified using Thermo Scientific GeneJET Plasmid Miniprep Kit, with 5ml of 

corresponding LB broth. The concentration of plasmid was tested by Thermo Scientific 

NanoDrop One UV/VIS Spectrophotometer.

2.7 AAV1-CMV-schFIX Production 

AAV1-CMV-schFIX (adeno-associated virus 1- Cytomegalovirus-self complementary 

human Factor IX) viral vector was produced by a two-plasmid system in HEK293T cells. 

pDP-1 plasmid and pITR2-CMV-schFIX plasmid were the property of Dr. Martino.



29

2.7.1 Viral Factory 

The experimental protocol utilized 293T cells beyond passage 15 to establish a viral 

production system. Modified DMEM (10% FBS, 25mmHepes, 100μg/ml gentamycin, 

DMEM with L-glutamine) was used. Cells were initially cultured in T-75 flask at 37℃ 

supplied with 5% CO2 in humidified incubator. The cells were cultured in a T-75 flask until 

they reached over 80% confluence. Subsequently, they were distributed into three T-175 

flasks and allowed to proliferate for two days until they achieved approximately 75% 

confluence. Following this, the cells underwent a passage into ten T-175 flasks. Once these 

flasks attained 80% confluence, the cells were detached and subsequently seeded into forty 

150mm dishes. This setup was then maintained until the cells reached 50% confluence, at 

which point they were prepared for transfection.

2.7.2 Plasmid Transfection 

Before transfection, the medium in the 293T cells cultured in 150mm dishes was 

replaced with 8 mL of a specialized transfection medium, composed of DMEM with L-

glutamine, enriched with 5% FBS and 25 mM HEPES. This medium was introduced two 

hours prior to the transfection procedure. For the transfection mix, 1800 μg of pDP-1 

plasmid and 450 μg of pITR2-CMV-hFIX plasmid were combined in 72 mL of fresh 

DMEM at room temperature. Subsequently, 8 mL of 1mg/ml polyethyleneimine (PEI) with 

a molecular weight of 40,000 was gradually added to the DMEM-plasmid solution. The 

mixture was gently homogenized by inverting the container. This mixture was then left to 

incubate at room temperature for 12 minutes, allowing for adequate interaction between 

the plasmids and PEI.

Following the incubation period, 2 mL of the transfection mixture was carefully 
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dispensed into each 150mm dish. These dishes were then incubated overnight, 

approximately 16 hours. The next day, each dish received an additional 10 mL of fresh 

modified DMEM to support continued cell growth. The cells were then cultured for an 

additional 24 hours. At the end of this period, both the cells and the medium were collected 

for subsequent processing.

2.7.3 Virus Extraction

A 250 mL solution of PEG-8000 was prepared by dissolving 100g of PEG-8000 and 

58.5g of NaCl. The collected medium was then combined with this PEG-8000 solution in 

a 4:1 ratio. This mixture was incubated on ice for 2 hours to facilitate precipitation. 

Following the incubation, the mixture underwent centrifugation. After centrifugation, the 

supernatant was carefully discarded, leaving the pellet behind. This pellet will subsequently 

be dissolved in citrate buffer for further processing.

Cell pellets obtained from the viral production process were reconstituted in 15 mL of 

citrate buffer. The resuspended cell pellet undergone sonication three times, each session 

lasting 1 minute and 30 seconds at 25% amplitude, with 3-minute intervals on ice to prevent 

overheating. Following sonication, benzonase is added to the mixture to achieve a final 

concentration of 50 units/mL. Simultaneously, sodium deoxycholate is introduced to reach 

a final concentration of 0.35%. The solution is then incubated at 37°C for 20 minutes. Post-

incubation, the solution's pH is adjusted with 1M HCl to 5, followed by centrifugation at 

2000×g. The supernatant is carefully collected after this step. To the remaining precipitate, 

10 mL of fresh citrate buffer containing 0.35% sodium deoxycholate is added for 

resuspension. This extraction step is repeated twice more, following the same protocol. 

After completing the extraction cycles, all collected supernatants are combined for 
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subsequent processing steps. This consolidation ensures the maximal recovery of viral 

particles from the cell lysates.

2.7.4 Iodixanol Gradient Ultracentrifugation and Buffer Exchange

In the ultracentrifugation process, four distinct concentrations of iodixanol were 

employed: 15% w/v, 25% w/v, 40% w/v, and 60% w/v. The 15% w/v iodixanol solution 

was prepared by diluting 60% w/v iodixanol with PBS-MK containing 1M NaCl. The 40% 

w/v and 25% w/v solutions were similarly diluted from 60% w/v iodixanol using PBS-MK. 

To enhance visibility, one drop of phenol red was added to both the 25% w/v and 60% w/v 

iodixanol solutions. The supernatant obtained from the previous step, ranging from 15 to 

20 mL, was first placed into a 39-mL OptiSeal Polypropylene tube (Beckman Coulter, NJ). 

To create a gradient of iodixanol concentrations, 4 mL of 15% w/v, 8 mL of 25% w/v, 8 

mL of 40% w/v, and 4 mL of 60% w/v iodixanol were carefully layered into the tube. This 

was done sequentially from the lowest to the highest concentration, using a 16-gauge 

syringe. The tubes were then centrifuged using a Type 70 Ti Fixed-Angle Titanium Rotor 

(Beckman Coulter, NJ) installed in an Optima XE-90 ultracentrifuge (Beckman Coulter, 

NJ). The centrifugation was conducted at 63,100 rpm for 1 hour and 45 minutes at 16 °C. 

Following centrifugation, the OptiSeal tube was punctured at the interface between the 40% 

w/v and 60% w/v layers using a 16-gauge needle. The 40% w/v iodixanol layer, which 

contained the target fraction, was carefully extracted for the next step in the process.

A tube filtration system, Spectrum MicroKros Hollow Fiber Filter Moudule C02-

E300-10-N, was employed for buffer exchange, incorporating 1% Triton X-100 into both 

the 40% w/v fraction and the PBS used for the exchange. This system featured two 

peristaltic pumps: one to pump out the original solution into the filtering tube and the other 



32

to introduce PBS into the solution. Operating under airtight conditions, the flow rates of 

the two pumps were adjusted to achieve equilibrium. For the buffer exchange process, 250 

mL of PBS was utilized for a 10 mL sample of the 40% w/v fraction. The exchange 

continued until the volume of the solution was reduced to approximately 0.5mL. This 

remaining solution was then carefully pipetted out. To ensure thorough recovery, the tube 

was flushed with an additional 0.5 mL of PBS. All collected solutions were combined and 

subsequently stored at -20°C for preservation.

2.8  Transwell Co-culture

When the Hep3B cells in the transwell inserts and the U937 cells were prepared, the 

co-culture and stimulation experiment commenced. Two hours before the experiment, the 

medium in each well was replaced. To initiate the stimulation, 1 μg/mL of the TLR9 agonist 

ODN2395 (InvivoGen), 10,000 M.O.I of AAV1-CMV-schFIX, and 10 μg/mL of insulin 

were added to the respective wells. The specific group assignments for this experiment are 

detailed in Table 2.2. Each group underwent the experimental procedure at three distinct 

time points: 2 hours, 6 hours, and 24 hours, to allow for the assessment of cellular responses 

over time. Cells are collected and mRNA was extracted as described before.
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Table 2.2 Group Assignment of in vitro Co-culture and stimulation used. 
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2.9 Animal Experiment Overview 

C57BL/6 mice were utilized to investigate the effects of insulin and DMA on the innate 

immune response elicited by AAV1. To induce a robust innate immune reaction to 

recombinant AAV (rAAV), the TLR-9 agonist ODN 2395 was co-injected with rAAV into 

the upper skeletal muscle of the lower left limb (vastus lateralis), distributed across three 

injection sites. The experimental design involved administering a combination of AAV and 

TLR-9 agonist to stimulate the innate immune response, followed by either insulin or DMA 

to potentially mitigate this response.

Insulin was administered intraperitoneally (I.P.) at four time points: 15 minutes before, 

15 minutes after, and 45 minutes after the AAV/TLR9 injection. In contrast, DMA was 

given as a single intraperitoneal (I.P.) dose 15 minutes prior to the AAV/TLR9 injection. 

The mice were sacrificed at either 2 hours or 6 hours post-injection of AAV/TLR9 to assess 

immune responses.

Comprehensive controls were included in the study for robust comparison. Post-

sacrifice, blood samples were collected then centrifuge at 14,000g, serum samples were 

stored in -80°C and the skeletal muscle around the injection sites were obtained to evaluate 

markers of inflammation.

The Detailed group assignments were shown in Table 2.3. 
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Group Intramuscular Injection Intraperitoneal Injection

Insulin Control PBS PBS

Insulin Positive Control AAV1-cmv-schFIX+TLR9 

agonist

PBS

Insulin Experimental AAV1-cmv-schFIX+TLR9 

agonist

Insulin

DMA Control PBS PBS

DMA Positive Control AAV1-cmv-schFIX+TLR9 

agonist

PBS

DMA Experimental AAV1-cmv-schFIX+TLR9 

agonist

DMA

Table 2.3 Animal Study Group Assignment.  

Each group had 2h and 6h subgroup, each sub-group had 8 animals.
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2.9.1 Insulin Treatment Groups 

The study comprises three groups of mice. Group 1, the control group, received only 

vehicle injections (200 μL of PBS) without insulin, AAV, or TLR9. Additionally, to 

mimic the AAV/TLR9 injection, these mice received 100 μL of PBS vehicle in the vastus 

lateralis muscle of the lower left leg, spread over three sites. Group 2, the positive control 

group, was expected to exhibit maximum innate immunity. These mice were given 

insulin vehicle injections (200 μL of PBS) at the same intervals as Group 1 but also 

receive the AAV/TLR9 mixture to stimulate the innate immune response. The AAV/TLR9 

injection consisted of 1.0×1011 viral particles of AAV and 100 μg of TLR9 agonists in 

100 μL of PBS, delivered into the vastus lateralis muscle over three sites. Group 3, the 

second experimental group, was anticipated to show a reduced innate immune response. 

These mice receive both insulin (0.6 U/kg in 200 μL of PBS) and the AAV/TLR9 

mixture. Insulin injections were given at the same three intervals as in the other groups. 

The AAV/TLR9 administration was identical to Group 2. Tail bleeding was performed 15 

mins after each PBS/insulin injection, blood glucose was tested by glucose strips. When 

the blood glucose decreased to lower than 30mg/dl, the mice were injected with 200μL 

20% glucose in PBS. The blood glucose were measured again 30 minutes after glucose 

injection and the mice were monitored for other signs of hypoglycemia. If after 30 

minutes the blood glucose did not recover, mice were prematurely euthanized.  

Observations were made at 2 hours and 6 hours post-AAV/TLR9 agonist injection, after 

which the mice were euthanized. Post-euthanasia, blood samples were collected, and 

injected skeletal muscle were collected to assess the immune response.

The injection timetable was shown in Table 2.4.
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2.9.2 DMA Treatment Group 

The study was structured into three groups. Group 1, the control group, received only 

vehicle injections and no DMA, AAV, or TLR9. These mice were administered 100 μL of 

PBS intraperitoneally as a control for DMA administration 15 minutes before the 

AAV/TLR9 vehicle control, and 100 μL of PBS vehicle control for AAV/TLR9 was 

injected into the vastus lateralis muscle of the lower left leg. Group 2, the positive control 

group, was expected to show maximum innate immunity. These mice received DMA 

vehicle administration (100 μL of PBS via intraperitoneal injection) and the AAV/TLR9 

mixture. The AAV/TLR9 injection consisted of 1.0×1011 viral particles and 100 μg of TLR9 

agonists in 100 μL, delivered into the vastus lateralis muscle. Group 3, another 

experimental group, was anticipated to exhibit reduced innate immunity. These mice 

received DMA (100 μL of a 50% DMA solution via intraperitoneal injection) and the 

AAV/TLR9 mixture, which was identical to that of Group 2. Observations were made at 2 

hours and 6 hours post-injection, with 24 mice in each time group, totaling 48 mice. 

Following euthanasia, terminal bleeding was performed, serum was collected via 

centrifugation, and skeletal muscle were taken.
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-15min First Insulin/PBS Injection

0h AAV+TLR9/PBS Injection, First Glucose Test

15min Second Insulin/PBS Injection

30min Second Glucose Test

45min Third Insulin Injection

1h Third Glucose Test, Rescue Glucose Injection(optional)

1h30min Glucose Test for Rescue Injection (Optional)

2h Euthanize for 2h

6h Euthanize for 6h

Table 2.4 Animal Insulin Treatment Group Timetable. 
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2.10 Interlukin-6 Serum Level Detection  

The serum level of IL-6 was quantified utilizing the enzyme-linked immunosorbent 

assay (ELISA) kit, specifically the Thermo Fisher Scientific Invitrogen Mouse IL-6 

Uncoated ELISA Kit. For the assay, 25 μL of mouse serum was employed in duplicate, 

adhering strictly to the kit's instructions. Absorbance readings of the plates were conducted 

using a BioTek ELx800 plate reader at a wavelength of 540 nm.

2.11 Immunohistochemistry

Immunohistochemical analysis was conducted on preserved muscle biopsy samples. 

Initially, the muscle tissues were fixed in 4% paraformaldehyde in PBS for an overnight 

period (approximately 18 hours) at 4°C. The subsequent day the samples were rinsed four 

times with 2 mL of PBS, followed by preservation in 70% ethanol at 4°C. The dehydration 

process for these samples was carried out in a sequential manner: immersion in 85% 

ethanol for 2 hours, 95% ethanol for 2 hours, 100% ethanol for 2 hours, a 50% 

xylene/ethanol mixture for 2 hours, and finally 100% xylene for 1 hour. Post-dehydration, 

each sample, within its cassette, was submerged in paraffin at 65°C for 3 hours. The 

samples were then embedded into paraffin blocks. These blocks were stored at 4°C until 

they were ready to be sectioned and stained.

The paraffin-embedded blocks were precisely sectioned using an Accu-Cut® SRM™ 

200 Rotary Microtome. Sections, each measuring 6 μm in thickness, were carefully 

extended in a 50°C water bath to ensure optimal spread. Following this, the sections were 

mounted onto Fisherbrand Economy Plain Glass Microscope Slides. To guarantee a firm 

adherence of the tissue sections to the slides, they were left to dry for two days on an open 

heater at 30°C.
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The dried slides underwent a process of rehydration and deparaffinization in a 

sequential manner: initially, the slides were immersed in 100% xylene for 3 minutes, 

repeated once more for another 3 minutes, followed by a 3-minute immersion in a 50% 

ethanol/xylene mixture. This was done by a 3-minute dip in 100% ethanol, then 3 minutes 

in an 80% ethanol/water solution, and finally, two consecutive 3-minute immersions in a 

50% ethanol/water solution. Subsequently, the slides were immersed in PBS. Following 

the rehydration and deparaffinization, the slides underwent a crucial heat-induced antigen 

retrieval step. They were immersed in a Tris-EDTA buffer (comprising 10 mM Tris base, 

1 mM EDTA solution, and 0.05% Tween 20, with a pH of 9.0) and heated in a 95°C water 

bath for 15 minutes. After this period, the slides were allowed to gradually cool down to 

room temperature.

Immediately following the heat-induced antigen retrieval, staining was performed. 

Excess water was gently removed from the slides by tapping them on absorbent paper. The 

primary antibody, CD11b Monoclonal Antibody M1/70, (eBioscience), was diluted to a 

1:100 ratio and carefully applied directly onto the tissue sections on the slides. This primary 

antibody incubation lasted for 1 hour. After the primary antibody binding step, the slides 

were blocked using a 1% bovine serum albumin (BSA) solution in TBST (comprising 

0.24g Tris base, 0.88g NaCl in 100ml, adjusted to pH 7.6, with 10 μl Tween-20 added) for 

15 minutes. This was followed by an additional blocking step using a 0.5% H2O2 solution 

for 10 minutes. The secondary antibody, Goat anti-Mouse IgG (H+L) Secondary Antibody, 

HRP (ThermoFisher), was then applied to the slides for 30 minutes. After the secondary 

antibody application, the slides were treated with the ImmPACT DAB EqV Substrate Kit 

(Peroxidase) (Vector Laboratories) for visualization, following the kit's instructions. 
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Subsequently, a 1:5 dilution of Gill’s hematoxylin #3 was used for counterstaining. 

Between each of these steps, the slides were washed with PBS to ensure the complete 

removal of residues from the previous step.

Following the staining procedure, the slides underwent a systematic dehydration 

process using a series of solutions. This sequence began with a 3-minute immersion in a 

50% ethanol/water solution, followed by 3 minutes in an 80% ethanol/water mixture, then 

3 minutes in 100% ethanol. Subsequently, the slides were treated for 3 minutes in a 50% 

ethanol/xylene mixture, followed by two consecutive 3-minute immersions in 100% xylene. 

After the final xylene step, while the xylene was still not completely evaporated, each slide 

was carefully treated with a drop of Permount (Fisher Scientific). Cover slips were then 

promptly applied to encompass the entire tissue section on each slide. The slides were left 

to dry thoroughly before any observation or photography was undertaken.
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CHAPTER 3 RESULTS 

3.1 Gene Expression Change in Human Cell Line Upon Co-Culture for 2h 

3.1.1 Gene Expression Change in Hep3B Cells 

To determine the profile of cytokine responses to AAV1 and TLR9 agonist 

stimulation, cytokine expression was measured in Hep3B cells stimulated with the agonists 

alone or in combination with Insulin or DMA for 2 hr. The gene expression profile was 

shown in Figure 3.1. Details for each cytokine and interferon were shown in Figure 3.2-

3.8. A threshold line at 2.5-fold highlights significant alterations. Notably, TNF-α 

expression escalated by 2.64-fold upon AAV1 and TLR9 agonist stimulation, a surge 

mitigated by insulin and DMA treatment. In contrast, IL-1β levels remained unchanged 

across all experimental conditions. IL-6, similar to TNF-α, experienced a 3.22-fold 

increase following stimulation, with this rise being attenuated by concurrent insulin and 

DMA exposure. IL-12 exhibited a notable 3.9-fold augmentation in the AAV1 and TLR9 

agonist-stimulated group but reverted to baseline in the presence of insulin and DMA. INF-

γ levels remained generally stable, except in the co-culture without stimulation group, 

where a significant deviation was observed. Intriguingly, this group exhibited substantial 

elevations in most targeted cytokines and interferons, barring IL-1β: TNF-α spiked by 6.6-

fold, IL-6 by 8.7-fold, IL-12 by 12-fold, INF-α by 8.4-fold, INF-β by 7.4-fold, and INF-γ 

by 7-fold. At the 2-hour mark, both the insulin and DMA groups exhibited a marked 

reduction in pro-inflammatory cytokines and type I interferons relative to the group 

stimulated with AAV1 and TLR9 agonists. This observation substantiates the efficacy of 

insulin and DMA in mitigating the innate immune response triggered by AAV. The 
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unexpected surge in cytokine levels within the co-culture group lacking stimulation 

remains enigmatic. However, parallel findings in human macrophage cells (U937) suggest 

a potential link to in vitro-induced macrophages. Prior studies have highlighted those 

macrophages cultivated in vitro exhibit distinctly different responses to stimuli compared 

to primary macrophages matured in vivo. This difference might explain the unusual results 

in the co-culture group without stimulation, showing that macrophages grown in the lab 

react differently to those developed naturally in the body.
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Figure 3.1 Gene expression change in Hep3B cell at 2h.  

Overview of all cytokines and interferons expression. Groups were assigned with different colors. 
Fold-changes are expressed relative to the control group. A threshold line at 2.5-fold highlights 
significant alterations. The error bar represents standard error.
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Figure 3.2 TNF-α expression in Hep3B cell at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.3 IL-1β expression in Hep3B cell at 2h.  

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.

IL-6
0

2

4

6

8

10

Fo
ld

-C
ha

ng
e

Control Group
AAV1-schFIX-cmv+TLR9 agonist
AAV1-schFIX-cmv+TLR9 agonist+Insulin
AAV1-schFIX-cmv+TLR9 agonist+DMA
Co-culture Group w/o stimulation

2.5X

Figure 3.4 IL-6 expression in Hep3B cell at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.5 IL-12 expression in Hep3B cell at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.6 INF-γ expression in Hep3B cell at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.7 INF-α expression in Hep3B cell at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.8 INF-β expression in Hep3B cell at 2h.  

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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3.1.2 Gene Expression Change in U937 Cells

To determine the profile of cytokine responses to AAV1 and TLR9 agonist 

stimulation, cytokine expression was measured in U937 cells stimulated with the agonists 

alone or in combination with Insulin or DMA for 2 hr. The gene expression profile of the 

U937 cell line was depicted in Figure 3.9, with detailed cytokine and interferon data 

presented in Figures 3.10-3.16. A notable feature is the inclusion of a threshold line at a 

2.5-fold increase, serving as a marker for significant alterations. In the U937 cell line, 

TNF-α levels did not show a notable elevation, and no group exhibited significant 

changes compared to the control group. IL-1β expression in the U937 cells increased by 

6.54-fold. This increase was moderated by insulin, reducing it to 2.25-fold, and by DMA, 

which brought it down to 2.79-fold, both compared to the control group. IL-6 levels saw 

a 4.69-fold increase when stimulated with AAV and TLR9 agonist. While insulin partially 

suppressed this increase, the expression levels did not return to the baseline observed in 

the control group. In the DMA treatment group, IL-6 levels decreased compared to the 

AAV and TLR9 agonist group but were still elevated at 3.12-fold compared to the control 

group. IL-12 expression increased 4.9-fold upon stimulation. Neither insulin nor DMA 

were particularly effective in suppressing this increase, with the insulin group showing a 

3.31-fold increase and the DMA group a 3.8-fold increase, both compared to the control 

group. INF-α levels did not increase in any of the groups compared to the control group. 

However, both DMA and insulin demonstrated a suppressive effect on INF-β. Upon 

stimulation, INF-β levels increased threefold, but DMA and insulin treatments reduced it 

to the normal levels observed in the control group. INF-γ increased 2.8-fold in the 

AAV+TLR9 group, but in the insulin and DMA groups, the levels returned to those seen 
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in the control group. Similar to Hep3B cells, the U937 cells also exhibited significant 

changes in the co-culture without stimulation group, particularly in IL-1, IL-6, IL-12, 

INF-β, and INF-γ. This could be attributed to the fact that the U937 cell is an in vitro 

induced macrophage, which may exhibit unusual and unexpected behavior. Overall, the 

U937 cells showed a more pronounced response to AAV and TLR9 stimulation compared 

to Hep3B cells, which is consistent with their macrophage nature. Insulin and DMA also 

demonstrated a suppressive effect on IL-1β, INF-β, and INF-γ.
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Figure 3.9 Gene expression change in U937 cell at 2h. 

Overview of all cytokines and interferons expression. Groups were assigned with distinct colors. 
Fold-changes are expressed relative to the control group. A threshold line at 2.5-fold highlights 

significant alterations. The error bar represents standard error.
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Figure 3.10 TNF-α expression in Hep3B cell at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.11 IL-1β expression in U937 cell at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.12 IL-6 expression in U937 cell at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.13 IL-12 expression in U937 cell at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.14 INF-γ expression in U937 cell at 2h.  

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.15 INF-α expression in U937 cell at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.16 INF-β expression in U937 cell at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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3.2 Gene Expression Change in Human Cell Line Upon Co-Culture for 6h 

3.2.1 Gene Expression Change in Hep3B Cell 

The gene expression profile of the Hep3B cell line is illustrated in Figure 3.17, 

where a threshold line at a 2.5-fold increase delineates significant alterations. Overall, 

neither any specific group nor gene surpassed this threshold. TNF-α levels across all 

groups remained close to those observed in the control group, indicating minimal 

variation. Intriguingly, IL-1β levels decreased significantly compared to the control 

group, suggesting a potential feedback effect following an initial increase at 2 hours, 

which warrants further investigation. For IL-6, IL-12, INF-α, INF-β, and INF-γ, the 

results were somewhat uniform: the groups treated with AAV and TLR9 agonists 

exhibited an increase in expression, but this was less than 2.5-fold. The groups treated 

with DMA and insulin showed expression levels comparable to the control group. These 

findings indicate that the cytokines and interferons triggered by AAV returned to normal 

levels at the 6-hour mark. This suggests a transient response to the AAV and TLR9 

agonist stimulation, with the cell line reverting to baseline expression levels relatively 

quickly.
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Figure 3.17 Gene expression change in Hep3B cell at 6h. 

Groups were assigned with different colors. Overview of cytokines and interferons 
expression. Fold-changes are expressed relative to the control group. A threshold 

line at 2.5-fold highlights significant alterations. The error bar represents standard 
error. 



56

3.2.2 Gene Expression Change in U937 Cells 

The gene expression profile of the U937 cell line is depicted in Figure 3.18, where 

a threshold line at a 2.5-fold increase marks a significant alteration. Similar to the Hep3B 

cells at 6 hours, no specific group or gene in the U937 cell line exceeded this threshold. 

For TNF-α, IL-1β, and IL-6, the levels in all experimental groups remained comparable 

to those in the control group, indicating no significant changes. In the case of IL-12, all 

groups stimulated showed a decrease in expression compared to the control group. This 

decrease might be a feedback response to the stimulation, although the exact mechanism 

remains unclear. INF-α, INF-β, and INF-γ also exhibited decreases similar to IL-12, but 

the changes were less pronounced. Overall, mirroring the pattern observed in Hep3B 

cells, the levels of cytokines and interferons in U937 cells returned to normal at the 6-

hour mark.
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Figure 3.18 Gene expression change in U937 cell at 6h. 

Overview of cytokines and interferons expression. Groups were assigned with different colors. 
Fold-changes are expressed relative to the control group. A threshold line at 2.5-fold highlights 

significant alterations. The error bar represents standard error.
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3.3 Gene Expression Change in Human Cell Line Upon Co-Culture for 24h 

Compared to the control group, neither any groups nor genes exhibited an increase. 

DMA and insulin did not demonstrate further suppressive effects. The innate immune 

response was confined to a short period, it was logical that by 24 hours, the expression of 

all cytokines and interferons had returned to normal levels.

3.3.1 Gene Expression Change in Hep3B Cells 

The expression was shown in Figure 3.19.  
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Figure 3.19 Gene expression change in Hep3B cell at 24h. 

Overview of cytokines and interferons expression. Groups were assigned with different colors. 
Fold-changes are expressed relative to the control group. A threshold line at 2.5-fold highlights 

significant alterations. The error bar represents standard error.
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3.3.2 Gene Expression Change in U937 Cells 

The gene expression was shown in Figure 3.20.
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Figure 3.20 Gene expression change in U937 cell at 24h. 

Overview of cytokines and interferons expression. Groups were assigned with different colors. 
Fold-changes are expressed relative to the control group. A threshold line at 2.5-fold highlights 

significant alterations. The error bar represents standard error.
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3.4 Gene Expression Change in C57BL/6 Muscle Upon Insulin Stimulation  

3.4.1 Gene Expression Change in C57BL/6 Muscle Upon Insulin Stimulation at 2h 

The expressions of cytokines and interferons are depicted in Figure 3.21, with 

detailed information for each cytokine and interferon presented in Figures 3.22-3.28. A 

threshold line set at a 2.5-fold increase highlights significant changes, with all fold 

changes being compared to the control group. TNF-α expression levels remained 

unchanged across all groups. IL-1β exhibited a 2.7-fold increase in response to AAV and 

TLR9 stimulation, which was reversed by insulin. IL-6 displayed a 45-fold increase upon 

stimulation, but insulin reduced this to a 17-fold increase. IL-12 showed a 16-fold 

increase, which was suppressed by insulin to levels comparable to the control group. 

INF-α and INF-β increased by 2.8-fold and 3-fold, respectively; insulin suppressed these 

increases, although they did not return to normal levels. INF-γ did not exhibit any 

significant change.
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Animal Insulin Group 2h

Figure 3.21 Gene expression change of muscle sample in insulin treatment group at 
2h. 

Overview of cytokines and interferons expression. Groups were assigned with different colors. 
Fold-changes are expressed relative to the control group. A threshold line at 2.5-fold highlights 

significant alterations. The error bar represents standard error.
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Figure 3.22 TNF-α expression of muscle sample in insulin treatment group at 2h. 

Fold-changes are expressed relative to the control group. Groups were assigned with different 
colors. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.23 IL-1β expression of muscle sample in insulin treatment group at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.24 IL-6 expression of muscle sample in insulin treatment group at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.25 IL-12 expression of muscle sample in insulin treatment group at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.26 INF-γ expression of muscle sample in insulin treatment group at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.27 INF-α expression of muscle sample in insulin treatment group at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.28 INF-β expression of muscle sample in insulin treatment group at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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3.4.2 Gene Expression Change in C57BL/6 Muscle Upon Insulin Stimulation at 6h 

The expressions of cytokines and interferons are presented in Figure 3.28, with 

each cytokine and interferon detailed in Figure 3.29-3.35. A threshold line indicating a 

2.5-fold increase was established to highlight significant changes, with all fold changes 

referenced against the control group. Notably, at the 6-hour mark, there were no 

significant changes in the levels of any cytokines or interferons. However, insulin 

demonstrated an additional suppressive effect on IL-1β and IL-12, with their expression 

levels reduced to 0.16-fold and 0.18-fold, respectively. This effect is likely attributable to 

the administration of insulin three times, commencing 45 minutes after the introduction 

of AAV and TLR9 agonists.
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Figure 3.29 Gene expression change of muscle sample in insulin treatment group at 
6h. 

Overview of cytokines and interferons expression. Groups were assigned with different colors. 
Fold-changes are expressed relative to the control group. A threshold line at 2.5-fold highlights 

significant alterations. The error bar represents standard error.

 

TNF-α
0

1

2

3

Fo
ld

-C
ha

ng
e

Control Group
AAV1-schFIX-cmv+TLR
9 agonist
AAV1-schFIX-cmv+TLR
9 agonist+Insulin

2.5X

Figure 3.30 TNF-α expression of muscle sample in insulin treatment group at 6h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.31 IL-1β expression of muscle sample in insulin treatment group at 6h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.

IL-6
0.0

0.5

1.0

1.5

2.0

Fo
ld

-C
ha

ng
e

Control Group
AAV1-schFIX-cmv+TLR
9 agonist
AAV1-schFIX-cmv+TLR
9 agonist+Insulin

2.5X

Figure 3.32 IL-6 expression of muscle sample in insulin treatment group at 6h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.33 IL-12 expression of muscle sample in insulin treatment group at 6h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.34 INF-γ expression of muscle sample in insulin treatment group at 6h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.35 INF-α expression of muscle sample in insulin treatment group at 6h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.36 INF-β expression of muscle sample in insulin treatment group at 6h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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3.5 Gene Expression Change in C57BL/6 Muscle Upon DMA Stimulation 

3.5.1 Gene Expression Change in C57BL/6 Muscle Upon DMA Stimulation at 2h 

Figure 3.5.1 illustrates the expressions of cytokines and interferons, with each 

cytokine and interferon further detailed in Figures 2-9. A designated threshold line at a 

2.5-fold increase serves to emphasize significant alterations, and all fold changes are 

compared to those in the control group. TNF-α showed a 3.1-fold increase, which was 

reduced to 1.2-fold by DMA. IL-1β experienced a 2.8-fold increase, subsequently 

suppressed to 0.2-fold by DMA. IL-6 saw a substantial 52-fold increase, which DMA 

reduced to 19-fold. IL-12 increased by 2.9-fold, and DMA brought it down to 1.43-fold. 

Both INF-α and INF-β exhibited increases of 3.1-fold and 4.3-fold, respectively, and 

DMA effectively suppressed these to normal levels. INF-γ did not undergo any 

significant change, with all  groups maintaining levels close to normal.
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Figure 3.37 Gene expression change of muscle sample in DMA treatment group at 
2h. 

Overview of cytokines and interferons expression. Groups were assigned with different colors. 
Fold-changes are expressed relative to the control group. A threshold line at 2.5-fold highlights 

significant alterations. The error bar represents standard error.
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Figure 3.38 TNF-α expression of muscle sample in DMA treatment group at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.39 IL-1β expression of muscle sample in DMA treatment group at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.40 IL-6 expression of muscle sample in DMA treatment group at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.41 IL-12 expression of muscle sample in DMA treatment group at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.42 INF-γ expression of muscle sample in DMA treatment group at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.43 INF-α expression of muscle sample in DMA treatment group at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.44 INF-β expression of muscle sample in DMA treatment group at 2h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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3.5.2 Gene Expression Change in C57BL/6 Muscle Upon DMA Stimulation at 6h 

Figure 3.4.2 displays the expressions of cytokines and interferons, with in-depth 

information on each provided in subsequent figures. A 2.5-fold increase threshold line is 

used to delineate significant changes, comparing all fold changes to the control group. At 

the 6-hour interval, it was observed that there were no substantial changes in the levels of 

any cytokines or interferons. Contrary to insulin, DMA did not exhibit additional 

suppressive effects on the levels of cytokines and interferons.
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Figure 3.45 Gene expression change of muscle sample in DMA treatment group at 
6h. 

Overview of cytokines and interferons expression. Groups were assigned with different colors. 
Fold-changes are expressed relative to the control group. A threshold line at 2.5-fold highlights 

significant alterations. The error bar represents standard error.
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Figure 3.46 TNF-α expression of muscle sample in DMA treatment group at 6h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.47 IL-1β expression of muscle sample in DMA treatment group at 6h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.48 IL-6 expression of muscle sample in DMA treatment group at 6h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.49 IL-12 expression of muscle sample in DMA treatment group at 6h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.50 INF-γ expression of muscle sample in DMA treatment group at 6h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.



79

INF-α
0

1

2

3

Fo
ld

-C
ha

ng
e

Control Group
AAV1-schFIX-cmv+TLR9 agonist
AAV1-schFIX-cmv+TLR9 agonist+DMA

2.5X

Figure 3.51 INF-α expression of muscle sample in DMA treatment group at 6h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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Figure 3.52 INF-β expression of muscle sample in DMA treatment group at 6h. 

Groups were assigned with different colors. Fold-changes are expressed relative to the control 
group. A threshold line at 2.5-fold highlights significant alterations. The error bar represents 

standard error.
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3.6 Summary of Gene Expression in Animal Work 

In both the insulin and DMA groups, IL-6 exhibited a markedly significant increase 

when treated with AAV and TLR9 agonists, with both DMA and insulin demonstrating 

their suppressive effects on IL-6 expression. Notably, IL-6 is an secreted cytokine, 

enabling the detection of its serum levels. While IL-12 showed significant changes in the 

insulin group, the DMA group did not exhibit similar alterations, possibly due to group-

specific variations. Other cytokines and interferons either did not present a sufficient 

increase to be detectable in serum levels, or they are not excreted. Consequently, the 

serum level of IL-6 was chosen as the primary indicator for assessing the activation or 

inhibition of the innate immune response.

3.7 IL-6 Serum Level Change 

The serum level of IL-6 was notably elevated 2 hours after stimulation with AAV and 

TLR9 agonists. In response, both the insulin and DMA treatment groups exhibited a 

reduction in IL-6 serum levels, albeit to varying extents. At the 6-hour mark, the IL-6 

level in the group treated with AAV and TLR9 agonists alone did not demonstrate a 

significant change. However, the group treated with DMA displayed a statistically 

significant alteration, though the actual difference in values was relatively minor.

3.7.1 Insulin Treatment Group 

The changes in IL-6 serum levels are depicted in the accompanying figure. At the 

2-hour mark, there was a notable elevation in IL-6 serum levels within the group treated 

with AAV and TLR9 agonists. The insulin-treated group effectively suppressed this 

increase, bringing the levels in line with those of the control group. By the 6-hour point, 

the IL-6 serum levels had returned to baseline values.
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Figure 3.53 Serum IL-6 level of animal study insulin treatment group at 2h.  

Groups were assigned with different colors. The error bar represents standard error. One way 
ANOVA was performed for statistically significant. * Indicated p<0.05.
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Figure 3.54 Serum IL-6 level of animal study insulin treatment group at 6h. 

Groups were assigned with different colors. The error bar represents standard error. One way 
ANOVA was performed for statistically significant.

 



82

3.7.2 DMA treatment Group 

The IL-6 serum level changes are illustrated in Figure 3.53 and Figure 3.54. Like 

the insulin groups, the IL-6 serum levels in the AAV and TLR9 agonist treatment group 

showed an increase at the 2-hour mark, which was notably blunted by DMA treatment. At 

the 6-hour interval, the DMA treatment group exhibited a significant increase from the 

control group, which needed additional investigation on the long-term DMA effect.
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Figure 3.55 Serum IL-6 level of animal study DMA treatment group at 2h. 

Groups were assigned with different colors. The error bar represents standard error. One way 
ANOVA was performed for statistically significant. * Indicated p<0.05.

0

100

200

300

400

500

IL-6

pg
/m

l

Control Group
AAV1-schFIX+TLR9 agonist
AAV1-schFIX+TLR9 agonist+DMA

Figure 3.56 Serum IL-6 level of animal study DMA treatment group at 6h. 

Groups were assigned with different colors. The error bar represents standard error. One way 
ANOVA was performed for statistically significant. ** Indicated p<0.01.
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3.8 Immunohistochemistry 

The immunohistochemistry results for the various groups were presented in Figures 

3.55-3.66, corresponding to the insulin and DMA treatment groups, respectively. In each 

figure, Figure A was a 1:40 overview of tissue. B, C, D and E were 1:200 detail image. In these 

figures, the presence of M1/70 positive macrophages was indicated by brown-colored 

dots, while the nuclei were represented by blue or black dots. Notably, brown dots were 

observed only in the positive control groups and the group treated with AAV and TLR9 

agonists. In contrast, the groups treated with DMA and insulin did not exhibit any brown 

dots. This absence suggested that both insulin and DMA might have effectively inhibited 

or delayed the recruitment of macrophages.
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Figure 3.57 Immunohistochemistry staining of control group at 2h for insulin treatment 
groups.

A) Tissue at 10X. B) C) D) E) Different location on tissue at 40X.
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Figure 3.58 Immunohistochemistry staining of AAV1, TLR9 agonist group at 2h.

A) Tissue at 10X. B) C) D) E) Different location on tissue at 40X.
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Figure 3.59 Immunohistochemistry staining of AAV1, TLR9 agonist and insulin
group at 2h.

A) Tissue at 10X. B) C) D) E) Different location on tissue at 40X.
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Figure 3.60 Immunohistochemistry staining of control group at 2h for DMA treatment.

A) Tissue at 10X. B) C) D) E) Different location on tissue at 40X.
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Figure 3.61 Immunohistochemistry staining of AAV1, TLR9 agonist group for DMA 
treatment at 2h.

A) Tissue at 10X. B) C) D) E) Different location on tissue at 40X.
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D E
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Figure 3.62 Immunohistochemistry staining of AAV1, TLR9 agonist and DMA 
group at 2h.

A) Tissue at 10X. B) C) D) E) Different location on tissue at 40X.
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Figure 3.63 Immunohistochemistry staining of control group for insulin treatment at 
6h.

A) Tissue at 10X. B) C) D) E) Different location on tissue at 40X.
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Figure 3.64 Immunohistochemistry staining of AAV1 and TLR9 agonist group for 
insulin treatment at 6h.

A) Tissue at 10X. Red block indicated B) C) D) E) location at 10X. B) C) D) E) Different 
location on tissue at 40X.
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Figure 3.65 Immunohistochemistry staining of AAV1 TLR9 agonist and insulin 
group at 6h.

A) Tissue at 10X. B) C) D) E) Different location on tissue at 40X.
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Figure 3.66 Immunohistochemistry staining of control group for DMA treatment at 
6h.

A) Tissue at 10X. B) C) D) E) Different location on tissue at 40X.
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Figure 3.67 Immunohistochemistry staining of AAV1 and TLR9 agonist group for 
DMA treatment at 6h.

A) Tissue at 10X. Red block indicated B) C) D) E) location at 10X. B) C) D) E) Different 
location on tissue at 40X.
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Figure 3.68 Immunohistochemistry staining of AAV1, TLR9 agonist and DMA 
group at 6h.

A) Tissue at 10X. B) C) D) E) Different location on tissue at 40X.
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CHAPTER 4 DISCUSSIONS 

4.1 Summary 

(Srivastava, 2023)

(Calcedo et al., 2015)

(Pan et al., 2009)
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4.2 Innate Immune Response Related Gene Expression against AAV in vitro 

In our study, we employed a transwell system to co-culture liver and macrophage cell 

lines, aiming to simulate the immune system. However, this model was a simplified 

representation, lacking the full complexity of the immune response. The immune reaction 

to AAV infection involves various cell types beyond macrophages. For instance, natural 

killer cells, a key component of the innate immune system, can rapidly identify and 

eliminate virus-infected cells even before the activation of the adaptive immune 

system.(V. C. Lam & Lanier, 2017) Additionally, dendritic cells play a crucial role, 

migrating to lymph nodes to present antigens to T cells, thereby initiating the adaptive 

immune response.(Nikolic et al., 2011) Our research focused solely on the expression 

profile of macrophages, representing only a fraction of the innate immune cells.

Furthermore, the intercellular communication within the transwell setup remained 

unexplored. This interaction likely depended on precursor cytokines, challenging to 

detect due to the limited cell growth in the wells.

Another critical aspect to consider is that the cells used in our research were 

immortalized, essentially cancer cells. While these cells retain many characteristics of 

their original form, they may undergo unexpected genetic changes. Such variations could 

result in responses that differ from those of primary cells. Our study observed the most 

significant increase in the co-culture without stimulation compared to the control group, 

possibly came from differences between PMA-induced macrophages and primary 

macrophages. 
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Despite these limitations, our research provides a preliminary model that offers partial 

insight into the innate immune response in vitro. This model could be valuable for 

researching the immune response to AAV.

4.3 Innate Immune Response Related Response Against AAV in vivo 

In our study, following in vitro experiments, we conducted in vivo research using 

C57BL/6 mice. We analyzed gene expression in muscle samples post-injection. IL-6, a 

marker of the acute phase response, upregulated following stimulation with AAV and 

TLR9 agonists, which was subsequently downregulated by DMA and insulin. 

Corresponding serum levels mirrored this pattern. Our findings suggest that insulin and 

DMA could be potential inhibitors of innate immunity, but some limitations should be 

acknowledged.

High Dosage of Insulin: The insulin dosage administered was above the safety 

threshold for mice. Throughout the study, we meticulously monitored the mice's blood 

glucose levels to prevent hypoglycemia. This high dosage poses limitations for 

application in primate models.

AAV's Immunogenicity in Mice: AAV alone does not elicit a strong immune response 

in mice. To amplify the immune response, we co-administered a TLR9 agonist with AAV. 

However, the immune response induced by this co-administration might differ from the 

innate immune response observed in humans.

Individual Variability in Gene Expression and Serum Levels: The gene expression 

and serum level profiles were generated from different individual animals. A more 



100

convincing approach would be to establish a method for continuous real-time monitoring 

of gene expression and serum levels in a single mouse.

Overall, our research successfully demonstrated the suppressive effects of insulin and 

DMA on the innate immune response to AAV in vivo. However, the study's limitations 

highlight the need for further research to fully understand these dynamics and their 

implications for human applications.

4.4 Future Directions 

Our study highlights the inhibitory effects of DMA and insulin on the innate immune 

response to Adeno-Associated Virus (AAV). While insulin's ability to enhance AAV 

transduction in both in vitro and in vivo settings is well-documented, the influence of 

DMA on AAV transduction remains largely uncharted territory. Notably, DMA, as a small 

molecule with a wide therapeutic range, presents a more feasible option for application 

compared to insulin.

In our in vitro studies, we employed a transwell co-culture system. The intercellular 

communication within this system was not fully investigated. A deeper analysis and 

understanding of this communication could significantly enhance our comprehension of 

the innate immune response triggered by AAV. Additionally, incorporating primary cells 

into these studies could provide a more accurate simulation of the in vivo immune 

system.

In our animal research, we observed that serum IL-6 levels returned to normal within 

6 hours. Establishing a detailed curve to track the decline of IL-6 could offer greater 

insight into the mechanisms underlying the effects of DMA and insulin.



101

In clinical trials and gene therapy applications, a major challenge frequently 

encountered is the presence of pre-existing adaptive immunity, which frequently leads to 

the failure of AAV-based gene therapies. Our findings suggest that it's possible to mitigate 

the innate immune response to AAV. The future direction of this research could involve 

prolonging the duration of animal studies to assess whether the dampening effects of 

DMA or insulin on the innate immune response could subsequently reduce the activation 

of the adaptive immune system. This could be a pivotal step in enhancing the success rate 

of AAV gene therapies.
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