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The future of gene therapy in faods
Long-chain fatty acid oxidation disorders (LC-FAODs) are part of the group of rare inherited diseases called inborn errors of metabolism (IEM). IEMs happen when a person is born with changes or variants in certain genes. Genes are instructions that tell the body how to make enzymes, which are proteins that help carry out chemical reactions. In LC-FAODs, the affected enzymes cannot properly break down long-chain fats to produce energy.
In people with LC-FAODs, inherited gene changes make it harder for mitochondrial enzymes to break down fats and turn them into energy. As a result, the cell does not get enough energy to work properly. This can cause symptoms such as muscle weakness, muscle pain, and fatigue. There is currently no cure that fixes the underlying cause of LC-FAODs. Instead, treatment focuses on managing symptoms through a low-fat diet, medium-chain triglyceride (MCT) supplementation, and avoiding long periods without food. However, even with diet management, many people with LC-FAODs still experience serious problems, including episodes of rhabdomyolysis (muscle breakdown) and cardiomyopathy (heart muscle disease). Because of this, researchers are working to develop new treatments. Two promising areas of research are gene therapy and mRNA therapy, which aim to address the genetic cause of these disorders.
What is gene therapy and mRNA therapy?
Gene therapy is a way of treating a disease by fixing or preventing the genetic change that causes it. There are different types of gene therapy, including gene addition and gene editing.
Gene addition, also sometimes referred to as gene transfer, was the first type of gene therapy to be developed. In gene addition, scientists add a healthy copy of a gene to a cell without changing the variant in the gene. To deliver the new gene, they often use modified viruses called viral vectors. A common viral vector is called recombinant 
adeno-associated viruses (rAAV). Scientists modify these viruses so they are no longer able to cause illness or reproduce in the body. Instead, they act like delivery vehicles, carrying a healthy copy of the gene into cells so they can produce enough working protein to oxidize fats and treat the disease.1,2

Gene editing works differently. Instead of adding a healthy gene, it changes the cell’s existing variant DNA. Scientists use enzymes, mainly nucleases, to make precise cuts in the DNA. This allows them to remove the existing variant genetic code and replace it with a healthy copy. One well-known gene-editing tool is CRISPR-Cas9. CRISPR-Cas-9 helps to guide the nuclease to the exact spot in the DNA strand where the change needs to be made.1-3
mRNA therapy is different from gene therapy because it doesn’t interact with the DNA or gene itself. Instead, it helps the body make the protein that is missing or not working correctly. Genes are made of DNA, which stay inside the cell’s nucleus. Because DNA cannot leave the nucleus, it first makes a copy of its instructions called messenger RNA (mRNA). mRNA carries these instructions out of the nucleus to the protein synthesis part of the cell.
In mRNA therapy, scientists create mRNA in a laboratory and package it in fat bubbles called lipid nanoparticles (LNP). These particles help to protect the mRNA so it can be safely delivered into the cells without being destroyed by the body. mRNA therapy is commonly given through an IV infusion. Once inside the cell, the LNP breaks down and releases the mRNA. The cell then uses the mRNA instructions to make the needed protein.4
Because mRNA therapy doesn’t correct the DNA change, and because mRNA naturally breaks down over time, treatment must be given repeatedly in order to continue producing the protein. Many people have already received a type of mRNA therapy through the Pfizer or Moderna COVID-19 vaccines. The vaccines contain mRNA instructions that allow cells to temporarily make the COVID virus's spike protein so the immune system can learn to recognize and fight the virus that causes COVID-19.5 
To learn more, we recommend watching the linked YouTube videos that explain gene therapy, CRISPR-Cas9 gene editing, and mRNA therapy before continuing with the rest of the newsletter.
Video 1: Gene Therapy Basics (2022 Update), ASGCT (~4 min)
Video 2: How CRISPR lets you edit DNA – Andrea M. Henle, TED-Ed (~5 min) 
Video 3: mRNA Therapy Explained: The Future of Protein Replacement, NORD (~7 min)
How is gene therapy and mRNA therapy being used to treat other IEMs?
For inherited IEMs, the liver is the main target for gene therapy and mRNA therapy. The liver is a good target for several reasons. First, it has a major role in processing nutrients and producing important proteins. Second, gene therapies and mRNA therapies given into the blood can easily reach the liver. Third, once the liver makes a working protein, it can release that protein into the bloodstream so it can help many parts of the body.6,7
Scientists have tested liver-targeted gene therapy and mRNA therapy in both mice and people with different IEMs, and research is ongoing. Several gene therapies have already been approved for certain rare diseases. However, these treatments are extremely expensive because they take many years and a great deal of money to develop, while only a small number of people have these diseases.6,8 mRNA therapies are less expensive to manufacture, but unlike gene therapy, they usually need to be given repeatedly over a person’s lifetime.9
Both gene therapy and mRNA therapy have advantages and challenges. One challenge with gene therapy is that the viral vectors used to deliver genes can trigger the immune system. Doctors can use steroid medications to help reduce this reaction. The immune response tends to increase when higher doses of the viral vectors are needed, especially when treating organs other than the liver, such as skeletal muscle or the central nervous system. Because liver-directed therapies often require lower doses, they may have a lower risk of side effects. However, people who already have liver damage may still face added risks.6,7 In contrast, mRNA therapy doesn’t cause the same type of immune response. The most common side effects are reactions during the infusion, such as rashes and, very rarely, allergic reactions.9
Another challenge with gene therapy is that people may already have immunity to the specific viral vectors used as the delivery vehicle. This can happen because similar viruses are common in the environment. If someone already has antibodies against the viral vector, the treatment may not work as well or may not be possible. After receiving gene therapy, the body may also develop antibodies that make the future doses difficult or impossible.7 This issue does not occur with mRNA therapy because it uses tiny fat particles called lipid nanoparticles instead of viruses.
Researchers have also considered the theoretical risk of tumor development with gene therapy. Although the viral vectors used in gene therapy rarely become part of a person’s DNA, studies in mice have raised questions about whether this could increase cancer risk.7 So far, this risk is still mostly theoretical and continues to be studied. Because mRNA therapy does not change a person’s DNA, it does not carry this same concern.
A final consideration is how long gene therapy lasts. Over time, liver cells naturally divide and are replaced. As this happens, the genetic material delivered by gene therapy may decrease or stop working, which could reduce the treatment’s benefits. This may be especially important in infants and young children, whose liver cells are replaced more quickly. Doctors must balance the benefits of treating children early against the possibility that the treatment may not last as long.6,7  
One possible advantage of mRNA therapy is that it could be used as a bridge therapy for patients who are too young to receive gene therapy. It might also be helpful during times when a patient needs extra support, such as during illness, metabolic crises, puberty, or pregnancy.9-11 However, because mRNA breaks down naturally in the body, treatment would likely need to be repeated every few weeks throughout a person’s life. Researchers are still studying the long-term safety and effectiveness of these treatments.9,12
[image: A comparison table summarizes gene addition, gene editing, and mRNA therapy across DNA changes, delivery, dosing, immune response, durability, and LNP use. Blue column headers and pale rows show that gene addition and editing alter DNA and may last longer, while mRNA therapy avoids DNA changes, requires repeat dosing, and uses LNPs; a footnote qualifies repeat-dosing details.]
Comparison chart summarizing the differences between gene addition, gene editing, and mRNA therapy.
How does this relate to the future of gene and mRNA therapy for FAODs?
Gene therapy and mRNA therapy offer exciting possibilities for treating FAODs, but researchers still have a lot to learn. One of the biggest challenges is that FAODs affect many different organs, not just the liver. These disorders can also affect the heart, skeletal muscle, and eyes. Other organs can continue to produce harmful substances that could still cause symptoms. Therefore, treating only one organ may not completely solve the problem for disorders that affect multiple parts of the body.9
To address this issue, scientists are working on ways to deliver mRNA treatments directly to different organs. One promising approach is to use specially designed lipid nanoparticles that can carry mRNA to specific tissues. However, this technology is still in the early stages of development.9
Researchers have studied gene therapy in mice with very long-chain acyl-CoA dehydrogenase (VLCAD) deficiency and found some encouraging results. The treated mice showed improvements in certain symptoms, including a better ability to tolerate fasting and cold temperatures. They also had lower levels of long-chain acylcarnitines, which are substances that can build up in people with LC-FAODs. However, the success of the treatment depended on the type of viral vector used to deliver the gene. The length of time that the VLCAD gene therapy is effective also depended on how the gene vectors were designed.13,14
Another challenge is that mice with VLCAD deficiency generally have much milder symptoms than people with the disorder. Because of this difference, it is difficult to predict whether the same results seen in mice will occur in humans. More research is needed to figure out how well these gene therapy approaches will work in people with VLCAD deficiency and other LC-FAODs.13,14 
Despite the challenges, mRNA and gene therapy are exciting new developments. Researchers are working toward developing new treatments using these new genetic tools.
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