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ABSTRACT 

Messenger RNA (mRNA) isn’t just about COVID-19 vaccines anymore, far from it. 

In just the past few years (especially starting around 2015), mRNA technology has 

begun to change the way we think about treating disease, not just some diseases, 

but a wide range: rare ones, chronic ones, even a few that used to be considered 

untreatable. This review takes a closer look at where mRNA might be headed next, 

not just beyond COVID-19, but beyond infectious diseases altogether. We're talking 

about cancer (with a big focus on personalized, tailor-made immunotherapies), rare 

inherited metabolic disorders (conditions such as cystic fibrosis and propionic 

acidemia have always limited treatment options), and autoimmune diseases too 

(like multiple sclerosis or type 1 diabetes, which affect millions but still lack 

accurate long-term solutions). In other words, mRNA isn't just a pandemic story - 

it’s becoming a much bigger story (a much more exciting one) across medicine. We 

examine not only what these therapies entail, but also how they are delivered (with 

lipid nanoparticles playing a significant role), how they are being tested (including 

ongoing clinical trials), and their safety and scalability (a critical consideration). The 

spotlight is on research and clinical trials spanning january 2015 to May 2025 - all 

aimed at giving us a clearer sense of what truly works, what’s still experimental, 

and what’s just about to break through. mRNA, which not so long ago was thought 

of mainly as a vaccine tool, is now (quite rapidly) transforming into something 

bigger: a broad therapeutic platform, and maybe - even more exciting - a real game-

changer for the future of medicine. 
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1. INTRODUCTION  

Over the last decade, especially since 2015, mRNA has evolved from a lab curiosity 

to one of the most versatile therapeutic tools in modern medicine. While nearly 

everyone knows it from the COVID 19 vaccine experience, that’s only the tip of the 

iceberg. Since the early 2020s, research has rapidly expanded mRNA’s reach into 

areas far beyond infectious diseases, targeting cancer, protein deficiency disorders, 
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genetic or metabolic diseases, and even autoimmune conditions (Rohner et al.,  2022; Swetha et al.,  2023; Hou et al.,  2021). 

What makes mRNA particularly exciting and compelling to scientists, clinicians, and biotechnology companies? It's the fact that it's 

programmable. Researchers can (quite precisely) design strands of mRNA that tell your cells what proteins to make and when. And not 

just one type of protein, but virtually any protein your body might be missing, lacking, or in need of. mRNA is an incredibly flexible 

tool - modular, fast, adaptable, and futuristic. Instead of handing over the finished drug (the way we usually do with traditional 

medicine), mRNA therapy gives the body something different: a set of custom-written instructions - a kind of molecular blueprint - so 

that your own cells do the work and make the proteins themselves. It’s not just treatment; it feels more like teaching, or even 

reprogramming, the body from the inside out - safely, temporarily, and with real precision (Rohner et al.,  2022). 

A striking example is in oncology. The personalized neoantigen vaccine mRNA 4157/V940, developed by Moderna and Merck, has 

shown impressive early results. In the Phase IIb KEYNOTE-942 trial (focused on people with high-risk stage III/IV melanoma), 

researchers tested what happens when you add mRNA-4157 to pembrolizumab. The results were significant: the risk of the cancer 

coming back or the patient dying dropped by almost 44%. After about two and a half years, roughly 75% of patients on the 

combination were still recurrence-free, compared to only ~56% for those on pembrolizumab alone. Efficiently delivering mRNA to the 

right tissues, achieving therapeutic protein levels (often much higher than needed in vaccines), and avoiding unwanted immune 

activation are key obstacles (Swetha et al., 2023; Rohner et al., 2022). Innovations in lipid nanoparticle (LNP) design, including 

emerging machine learning guided optimization, are crucial to overcoming these hurdles (Ding et al., 2023). 

There’s even groundbreaking progress in genetic disease treatment, such as delivering CRISPR Cas9 via LNPs to correct rare liver 

disorders in vivo, and using mRNA-encoded VEGF for heart failure, both emerging from early human trials (Rohner et al., 2022). In 

this review, we explore the rapid evolution of mRNA therapeutics (January 2015– May 2025), focusing on mechanisms, delivery 

strategies, clinical progress, and future applications beyond vaccines, highlighting how this platform is becoming one of the most 

promising vectors for treating a wide array of conditions. 

 

2. REVIEW METHODS 

To explore how mRNA therapeutics have evolved (especially beyond vaccines), we reviewed literature published between January 

2015 and May 2025. A comprehensive literature search was performed across PubMed, Scopus, Web of Science, and ClinicalTrials.gov 

(to ensure all relevant studies were included), with the goal of capturing the most complete and current body of evidence, employing 

keywords including: “mRNA therapeutics,” “lipid nanoparticles,” “CRISPR-Cas9 delivery,” “VEGF mRNA,” and “mRNA cancer 

vaccines.” 

We focused on peer-reviewed and preprint studies published in English that examined non-infectious applications of mRNA, 

particularly in oncology, genetic disorders, cardiovascular disease, and autoimmune disease. 

Papers were grouped by: 

• Delivery strategies (e.g., LNPs) 

• Disease target 

• Development stage (preclinical to clinical) 

• Mechanistic approach 

We excluded studies on infectious disease vaccines from this analysis. Final sources were gathered and screened. 

The screening process followed the PRISMA guidelines (Figure 1). Our aim was not simply to collect the most technical studies, but 

rather the most relevant and impactful ones. To ensure completeness, we also checked the reference lists of key articles to capture any 

studies that might have been overlooked in database searches. We gave additional priority to papers that were widely cited or 

highlighted in other authoritative reviews. 

 

3. RESULTS AND DISCUSSION 

The past decade, particularly from January 2015 to May 2025, has been something of a turning point for mRNA therapeutics. What 

once felt speculative or experimental is now (in many cases) becoming real, becoming clinical, becoming tangible. From early-stage lab 

trials to real-world human data, mRNA is now showing measurable, often striking results across multiple fields of medicine, most 

notably in oncology, rare genetic disorders, and (more recently) autoimmune diseases (Parhiz et al., 2024; Qin et al., 2022). 

 

 



 

REVIEW | OPEN ACCESS   

 

Medical Science 29, e150ms3698 (2025)                                                                                                                                                                   3 of 6 

 

 

 
 

Figure 1 PRISMA flow diagram 

 

Oncology: A New Era of Personalized Cancer Immunotherapy 

Among the most compelling evidence of mRNA’s clinical potential is its application in oncology, particularly in the treatment of 

melanoma. In the KEYNOTE 942 Phase IIb trial, patients with resected stage III/IV melanoma received either pembrolizumab alone or 

pembrolizumab paired with the personalized mRNA vaccine mRNA 4157/V940. The results? Not just statistically significant, but (in 

many ways) clinically persuasive. Patients receiving the combination of mRNA 4157/V940 and pembrolizumab didn’t just see a 

statistically significant improvement - they experienced a clinically meaningful shift in outcomes (a shift that really can’t be ignored, 

really hard to overlook). In other words, the difference wasn’t just numbers on a page; it was something you could actually see in the 

results. By the 18-month mark, recurrence-free survival (RFS) had climbed to 78.6% in the combination group, a noticeable and 

substantial improvement over the 62.2% seen in the monotherapy arm (Weber et al., 2024) 

But perhaps even more striking and worth highlighting were the results for distant metastasis-free survival (DMFS). In the same 

time frame, 91.8% of patients in the combination group remained free of distant metastases, compared to just 76.8% in those who 

received pembrolizumab alone (HR = 0.347; p = 0.0063).  

Just as importantly, the safety profile was favorable. Most of the side effects reported were mild to moderate (grade 1 or 2), and 

importantly, the trial didn’t reveal any new safety concerns at all (nothing unexpected, nothing alarming). The rates of serious adverse 

events were much the same in both treatment groups (Choueiri et al., 2024), (so neither group ran into noticeably more severe side 

effects), which is really worth keeping in mind when thinking about how this therapy might perform outside the carefully controlled 

world of a clinical trial - especially when it’s combined with a well-established checkpoint inhibitor. 

What makes these results stand out and what’s genuinely exciting is how consistent the benefits were across a variety of patient 

subgroups. The positive effects didn’t seem to depend much on PD-L1 expression, tumor mutational burden (TMB), or whether 

circulating tumor DNA (ctDNA) was detectable or not. This broad applicability and versatility suggest that mRNA-based treatments 

like mRNA-4157/V940 could potentially help a much wider range of patients than initially expected. 
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Genetic & Metabolic Disorders: Treating What Was Once Untreatable 

Outside the spotlight of oncology, mRNA’s quietly expanding role in treating rare monogenic diseases is beginning to show (real) 

promise, and it’s something worth paying attention to. Disorders like propionic acidemia and methylmalonic acidemia, for example, 

have long been notoriously difficult to manage because of their underlying protein deficiencies. But here’s where mRNA comes into its 

own: rather than simply replacing the missing enzyme from the outside, this technology (quite literally) teaches the body through 

mRNA to produce that crucial enzyme on its own. 

In preclinical models, delivering mRNA systemically—mRNA that encodes these key metabolic enzymes—produced sustained 

expression and meaningful biochemical correction (Baek et al., 2024). Now, several companies (Moderna among them) are beginning to 

push these strategies into human trials.  

The scope of the mRNA platform stretches well beyond vaccines and protein replacement - it now reaches into the realm of in vivo 

CRISPR-Cas9 delivery, making direct gene editing in patients possible. One powerful example is transthyretin amyloidosis, where a 

single intravenous dose can sharply and durably reduce the production of the harmful protein (Gillmore et al., 2021). This isn’t just 

innovation, it isn’t just progress - it’s a genuine therapeutic breakthrough (a shift that could rewrite what modern medicine can do). 

Cardiovascular and Autoimmune Trials: The Next Frontier  

Though we’re still in the early days, the fields of cardiovascular and autoimmune medicine are beginning to show real, tangible 

momentum with mRNA technology. Take the EPICCURE trial as a prime example: researchers delivered VEGF-A–encoded mRNA 

directly into the heart muscle of patients undergoing bypass surgery. The results showed not just a modest step forward, not just a 

small incremental gain, but a real and significant boost in blood flow along with actual recovery of damaged (ischemic) heart tissue 

(something that once seemed out of reach) (Anttila et al., 2023). Although the study was relatively small, we should not underestimate 

its findings. It could very well be the first glimpse of something far bigger: mRNA’s potential not just to replace missing proteins, but 

actually repair and regenerate tissue. 

Over in autoimmune disease research, the excitement is just as palpable. Scientists are now exploring how mRNA could help 

“retrain” immune tolerance, teaching the immune system to calm down in specific ways, rather than just suppressing it across the 

board. One striking mouse study demonstrated that delivering autoantigen-encoding mRNA in a tolerizing context effectively 

prevented autoimmune diabetes, and importantly, did so without triggering the typical issue of broad immunosuppression (Krienke et 

al., 2021). Human trials are on the horizon, and if these early findings hold up (and there’s good reason to think they might), we could 

soon be entering a new era where mRNA therapies don’t just treat autoimmune diseases, they reprogram the immune system itself. 

 

Lipid Nanoparticles (LNPs): The Unsung Hero 

None of this would work without delivery systems—and lipid nanoparticles (LNPs) remain at the heart of it all. The recent 

improvements are impressive, ranging from organ-specific targeting to machine-learning-guided formulation. LNPs are now enabling 

a wider range of applications than ever before. Better delivery means bigger possibilities—and the possibilities just keep growing (Ding 

et al., 2023). Liver delivery is now routine. However, other organs remain a challenge. 

As LNPs become more efficient and, significantly, less immunogenic, the tolerability of mRNA therapies improves. But challenges 

remain: repeat dosing, antibody formation, and off-target accumulation still need to be carefully addressed in each new indication 

(Münter et al., 2023) 

Table 1 gives an overview of the latest clinical and preclinical advances in mRNA therapeutics, spanning oncology, genetic 

disorders, cardiovascular disease, and autoimmune disease (basically, almost every major area of medicine). It also highlights 

something crucial: the essential role of lipid nanoparticle (LNP) delivery systems—the unsung heroes making all this possible. 

 

Table 1. Summary of key mRNA therapeutic applications and outcomes across multiple fields. 

Field Application / Trial Key Outcomes / Findings 

Oncology 
KEYNOTE-942: mRNA-4157/V940 + 

pembrolizumab 

44% reduced recurrence/death; RFS 78.6% vs 

62.2%; DMFS 91.8% vs 76.8%; strong results 

across subgroups 

Genetic & Metabolic 

Disorders 

mRNA therapy for propionic and 

methylmalonic acidemia 

Sustained enzyme production; meaningful 

biochemical correction in preclinical models. 

Gene Editing CRISPR-Cas9 mRNA delivery for A single IV dose led to permanent harmful 
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Field Application / Trial Key Outcomes / Findings 

transthyretin amyloidosis. protein reduction. 

Cardiovascular 
EPICCURE trial: VEGF-A mRNA 

into heart muscle. 

Improved blood flow and ischemic tissue 

recovery; early but promising. 

Autoimmune 
mRNA tolerizing therapy for 

autoimmune diabetes. 

prevented disease in mice without causing 

systemic immunosuppression. 

Lipid Nanoparticles 

(LNPs) 

Advanced LNPs with organ-specific 

targeting & machine learning 

formulation. 

Improved delivery, less immunogenicity; issues 

remain with dosing, antibodies, and off-target 

accumulation. 

 

4. CONCLUSION 

In recent years, mRNA has emerged as a pivotal tool in medical research and therapeutics. The development of mRNA therapeutics 

began with COVID-19 vaccines, but it has since expanded to include significant advances in cancer immunotherapy, the treatment of 

rare genetic diseases, cardiovascular repair, and, notably, the reprogramming of the immune system itself—rather than merely 

suppressing it, re-educating it. 

The real driver of this change isn't just the clever design of mRNA. What truly makes all this possible is delivering mRNA exactly 

where it's needed (to the right cells, at the right time, so it can actually do its job). Lipid nanoparticles (LNPs) are small but essential 

carriers – they do the hard work. They discreetly encapsulate delicate mRNA molecules and safely guide them to the right cells 

(delivering the payload exactly where and when it's needed). Thanks to advances in machine learning, scientists are now refining LNPs 

to target specific organs and optimize delivery with near-surgical precision. While drug delivery to the liver has become relatively 

routine, the true challenges and opportunities for future breakthroughs lie in targeting more complex organs, such as the brain. Still, we 

are not without obstacles. Immune reactions, the need for repeated doses, and bothersome side effects remain challenges that are 

difficult to overcome. Personalized cancer vaccines have already demonstrated the ability to reduce relapse rates. Enzyme therapies 

based on mRNA are improving lives in ways once thought impossible for people with rare, inherited conditions. Perhaps most 

compelling is that mRNA doesn't just tell the body what to fight. It's beginning to show us that it can teach the body how to heal itself 

and repair itself from within. 

 

Acknowledgments 

The authors have no acknowledgments to disclose. 

 

Author’s Contribution  

Conceptualization: Marta Górska, Maciej Janowski, Paweł Czyż 

Methodology: Jakub Górski, Paweł Czyż 

Formal analysis: Antonina Strzałkowska, Paweł Czyż, Marta Górska 

Resources, data curation: Marta Górska, Jakub Górski, Antonina Strzałkowska  

Investigation: Maciej Janowski, Paweł Czyż 

Writing – original draft: Jakub Górski, Paweł Czyż, Marta Górska  

Writing – review & editing: Antonina Strzałkowska, Maciej Janowski  

All authors have read and agreed with the final, published version of the manuscript. 

 

Informed consent 

Not applicable. 

 

Ethical approval 

Not applicable. 

 

 



 

REVIEW | OPEN ACCESS   

 

Medical Science 29, e150ms3698 (2025)                                                                                                                                                                   6 of 6 

Funding 

This study has not received any external funding. 

 

Conflict of interest 

The authors declare that there is no conflict of interest. 

 

Data and materials availability 

All data associated with this work are present in the paper.   

 

REFERENCES 

1. Anttila V, Saraste A, Knuuti J, Hedman M, Jaakkola P, 

Laugwitz KL, Krane M, Jeppsson A, Sillanmäki S, Rosenmeier 

J, Zingmark P, Rudvik A, Garkaviy P, Watson C, Pangalos 

MN, Chien KR, Fritsche-Danielson R, Collén A, Gan LM. 

Direct intramyocardial injection of VEGF mRNA in patients 

undergoing coronary artery bypass grafting. Mol Ther 

2023;31(3):866–74. doi: 10.1016/j.ymthe.2022.11.017 

2. Baek R, Coughlan K, Jiang L, Liang M, Ci L, Singh H, Zhang 

H, Kaushal N, Rajlic IL, Van L, Dimen R, Cavedon A, Yin L, 

Rice L, Frassetto A, Guey L, Finn P, Martini PGV. 

Characterizing the mechanism of action for mRNA 

therapeutics for the treatment of propionic acidemia, 

methylmalonic acidemia, and phenylketonuria. Nat Commun 

2024;15(1):3804. doi: 10.1038/s41467-024-47460-9 

3. Choueiri TK, Powles T, Braun D, Fong L, George D, Haas N, 

McDermott DF, Shuch B, Gurney H, Meehan R, Posadas T, 

Wu S, Elfiky A, Motzer RJ. 45 INTerpath-004: A phase 2, 

randomized, double-blind study of pembrolizumab with V940 

(mRNA-4157) or placebo in the adjuvant treatment of renal 

cell carcinoma. Oncologist 2024;29(Suppl 1):S15.  doi: 10.1093 

/oncolo/oyae181.022 

4. Ding DY, Zhang Y, Jia Y, Sun J. Machine Learning-guided 

Lipid Nanoparticle Design for mRNA Delivery.  arXiv 2023. 

doi: 10.48550/arXiv.2308.01402  

5. Gillmore JD, Maitland ML, Lebwohl D. CRISPR-Cas9 In Vivo 

Gene Editing for Transthyretin Amyloidosis. Reply. N Engl J 

Med 2021;385(18):1722–3. doi: 10.1056/NEJMc2114592 

6. Hou X, Zaks T, Langer R, Dong Y. Lipid nanoparticles for 

mRNA delivery. Nat Rev Mater 2021;6(12):1078–94.  doi: 

10.1038/s41578-021-00358-0 

7. Krienke C, Kolb L, Diken E, Streuber M, Kirchhoff S, Bukur T, 

Akilli-Öztürk Ö, Kranz LM, Berger H, Petschenka J, Diken M, 

Kreiter S, Yogev N, Waisman A, Karikó K, Türeci Ö, Sahin U. 

A noninflammatory mRNA vaccine for treatment of 

experimental autoimmune encephalomyelitis. Science 2021; 

371(6525):145–53. doi: 10.1126/science.aay3638 

8. Münter R, Christensen E, Andresen TL, Larsen JB. Studying 

how administration route and dose regulates antibody 

generation against LNPs for mRNA delivery with single-

particle resolution. Mol Ther Methods Clin Dev 2023;29:450–9. 

doi: 10.1016/j.omtm.2023.05.008 

9. Parhiz H, Atochina-Vasserman EN, Weissman D. mRNA-

based therapeutics: looking beyond COVID-19 vaccines. The 

Lancet 2024;403(10432):1192–204. doi: 10.1016/S0140-6736(23) 

02444-3  

10. Qin S, Tang X, Chen Y, Chen K, Fan N, Xiao W, Zheng Q, Li 

G, Teng Y, Wu M, Song X. mRNA-based therapeutics: 

powerful and versatile tools to combat diseases. Sig Transduct 

Target Ther 2022;7(1):166. doi: 10.1038/s41392-022-01007-w 

11. Rohner E, Yang R, Foo KS, Goedel A, Chien KR. Unlocking 

the promise of mRNA therapeutics. Nat Biotechnol 2022;40 

(11):1586–600. doi: 10.1038/s41587-022-01491-z 

12. Swetha K, Kotla NG, Tunki L, Jayaraj A, Bhargava SK, Hu H, 

Bonam SR, Kurapati R. Recent Advances in the Lipid 

Nanoparticle-Mediated Delivery of mRNA Vaccines. Vaccines 

(Basel) 2023;11(3):658. doi: 10.3390/vaccines11030658 

13. Weber JS, Carlino MS, Khattak A, Meniawy T, Ansstas G, 

Taylor MH, Kim KB, McKean M, Long GV, Sullivan RJ, Faries 

M, Tran TT, Cowey CL, Pecora A, Shaheen M, Segar J, Medina 

T, Atkinson V, Gibney GT, Luke JJ, Thomas S, Buchbinder EI, 

Healy JA, Huang M, Morrissey M, Feldman I, Sehgal V, 

Robert-Tissot C, Hou P, Zhu L, Brown M, Aanur P, Meehan 

RS, Zaks T. Individualised neoantigen therapy mRNA-4157 

(V940) plus pembrolizumab versus pembrolizumab 

monotherapy in resected melanoma (KEYNOTE-942): a 

randomised, phase 2b study. Lancet 2024;403(10427):632–44. 

doi: 10.1016/S0140-6736(23)02268-7 


