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Abstract: This review explores the evolution, mechanisms, and future potential of vaccines,
with a comparative focus on traditional vaccines and emerging genetic vaccines. Traditional
vaccines—such as inactivated, attenuated, and subunit types—have played a pivotal role in
public health but face limitations in production complexity, efficacy, and storage. In
contrast, genetic vaccines, particularly mRNA-based, offer higher efficiency, rapid
development, and customizable antigen targeting enabled by gene-editing technologies like
PCR and CRISPR. Despite challenges such as stability, delivery systems, and short-lived
immunity in certain cases, genetic vaccines show promising adaptability in combating viral
mutations and may redefine therapeutic strategies. The paper argues that with ongoing
advances in biotechnology, genetic vaccines could gradually replace conventional types,
shaping a new era in preventive medicine and global immunization.
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1. Introduction

Vaccines, as one of the most widely used and efficient strategies of epidemic prevention, have
saved countless lives from illnesses. According to Our World in Data and the World Health
Organization's record, almost every country’s hospital around the world provides vaccination
treatment. Take the COVID-19 vaccination as an example; most nations can obtain a coverage rate
of greater than 40%. So far, countless people have been vaccinated, and approximately 150 million
children have survived the disease due to the vaccine. Vaccines' unique principles explain why they
have played such an important part in the history of human disease resistance [1]. The mechanism
of vaccines is based on the adaptive immunity of humans, which is developed by postnatal learning
[1-2]. The human immune system needs to capture and recognize pathogens at least once to form
long-term immunological memory. Vaccines utilize this bio-mechanism, doctors inject processed
antigens into the organism to form immunity [3-4].

Vaccines have a far-reach effect on social security and health [5]. After vaccination, healthy
individuals can create a prevention circle that stops infectious diseases from spreading in
unvaccinated populations, this concept is known as herd immunity [6]. Many newborns could
prevent some infections through herd immunity due to the high vaccination rate in modern society
[5-6]. However, the prevalence rate of some illnesses also rises in adults, such as chickenpox. The
incidence rate of varicella among adults in China has grown recently, except for the decreased
immunity, which may be attributed to the herd immunity protection in early childhood [7].
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The primary challenge of vaccines is maintaining proper storage conditions and handling
patients effectively. Considering the effect of the rabies vaccine and the preliminary results
achieved by the HIV vaccine, therapeutic vaccines may be able to rescue potential carriers [8-9].
For some intractable diseases that are difficult to treat with drugs, vaccine prevention may offer
better protection, such as the HPV vaccine [10]. If the phage therapy concept proposed in the last
century can be used as the core principle to develop vaccines, it may be possible to treat patients
who are already ill [11-13]. This is the unique potential of vaccines. This review aims to provide a
comparative analysis of traditional and genetic vaccines, outlining their mechanisms, advantages,
limitations, and potential for future innovation. By evaluating these technological pathways, we
seek to highlight the shifting landscape of vaccine development and the growing role of genetic
approaches in shaping the next generation of global immunization strategies [14-16].

2. Traditional vaccines

Since this article focuses on different types of vaccines, the following discussion will classify them
as traditional and genetic (new type) vaccines. Also, genetic vaccines will be discussed and
compared based on the pathogens' families due to the specificity between bacteria and
bacteriophages.

2.1. Mechanism

Depending on the cultivation and treatment of native pathogens, traditional vaccines can be
categorized into attenuated, inactivated, and toxoid vaccines. They rely on naturally existing or
media-cultivated strains and variants, such as smallpox and cowpox, IPV, and OPV (polio)
[1].Attenuated and inactivated vaccines are the earliest types of vaccines. To create vaccines, they
mainly farm and harvest pathogens and then use chemicals, temperature control, exposure to
sunlight, and other methods to reduce or inactivate them to produce vaccines [17-18]. The entire
procedure is not based on genetic technology.

Toxoid vaccines are vaccines specifically designed for bacteria. Certain bacteria can produce
toxins that trigger immunological reactions and cause disease. Thus, toxins can be extracted and
used as vaccines for these bacteria [1]. This type of vaccine does not require gene editing; also, it
cannot prevent viral diseases.

Subunit vaccines are unusual, as they include some genetic technology with standard
immunizations. These vaccinations are produced by tearing apart the pathogen and extracting the
antigen portions that can stimulate the immune system individually. Some subunit vaccines, such as
recombinant and conjugate vaccines, require gene editing techniques to create [19]. The modified
DNA must be introduced into bacterial/animal cells to create polypeptides/glycoproteins [19-20].
Plasmid trimming can also be utilized to combine weak and strong antigens to improve immune
responses [19-20].

2.2. DNA vaccines

In general cases like smallpox and chickenpox, whether vaccinated or recovering from illness,
patients rarely experience a second onset in their lifetime [21-22]. The eradicated diseases indirectly
demonstrate the effectiveness of herd immunity and the benefits of vaccination [6]. As a result,
relatively few types of DNA virus vaccines are available now, and this number may continue to
decrease over time. The substantial research costs involved in developing DNA-based genetic
vaccines have led to a limited number of studies. Another point is that DNA cannot be translated
directly; mRNA is still required to produce proteins. Thus, some studies may be substituted by
RNA-related research.
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However, this does not mean that research on nucleic acid vaccines would not affect the
prevention of DNA viruses. In fact, gene-edited vaccines, especially mRNA vaccines, can combine
the benefits of both attenuated and inactivated vaccines, obtaining a strong immune response while
minimizing infection risks [23]. Comparable DNA vaccines may also provide similar advantages.
Considering the current maturity of CRISPR technology, editing DNA is easier than before [16].

2.3. Advantages and limitations of traditional vaccines

Traditional immunizations have various advantages and disadvantages. For example, all the
vaccines listed above require a live cell culture medium. Inactivated and subunit vaccinations offer
the lowest risk, the fewest side effects, and no need for restricted storage conditions.

However, being a "dead" vaccine, the efficacy is often lower than that of a "live" vaccination.
For instance, HPV and hepatitis B both belong to subunit vaccines. antibody levels generated after a
single dose are often not as high as those achieved with multiple doses. Long-term data from
numerous HPV vaccination users show that, even after 7 months, HPV antibodies progressively
diminish, and antibody levels created after a single treatment are frequently lower than those
obtained with multiple doses [24]. Hepatitis B vaccine has a similar situation [25]. Therefore,
hospitals typically recommend receiving 2-3 doses within the same year to ensure better defense
effectiveness. If gene-editing technology could apply to these vaccines, it may reduce the frequency
of vaccination.

Attenuated vaccinations, on the other hand, are effective but invariably carry the danger of
infection. For example, the most widely used polio vaccine, "sugar sphere," has prevented the
deaths of innumerable children. However, there are risks associated with vaccination, with an
infection rate ranging approximately from 1/2.5 to 1/5 million [26].

3. mRNA Vaccines

It's important to recognize viruses' small size and high mutation rate when discussing them. Unlike
antibiotics, relatively few antiviral drugs are available [27], making vaccines essential for
preventing viral diseases.

3.1. Mechanism of RNA vaccines

Before the COVID-19 pandemic, the mRNA vaccine was relatively unknown to the public. The
global response to the outbreak brought this technology to widespread attention [28]. Due to the
advancements of mRNA vaccines compared to traditional vaccines, nucleoside base modification
researchers were awarded the Nobel Prize in Physiology or Medicine in 2023 [29].

RNA is also the basic biological genetic material but lacks the stability of DNA. RNA has
distinct functions and configurations which allow it to perform tasks that DNA cannot. For instance,
messenger RNA (mRNA) is a crucial information carrier that mainly dictates how proteins
synthesize [3]. Different methods of trimming pre-mRNA can result in the production of entirely
different proteins. Due to its rapid metabolic cycle and easy processing and transcription, mRNA
becomes the primary basis for genetic vaccines [28]. Native mRNA and the mRNA vaccination
work on the same concept [1-2]. Once within the cell, the modified mRNA will translate straight
into antigens. This characteristic makes mRNA vaccines have different advantages and
disadvantages compared to traditional vaccines.
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3.2. Limitations and advantages of RNA vaccines

Due to mRNA’s inherent instability, lipid nanoparticles (LNPs) are typically used as carriers to
protect the molecule and facilitate its delivery into cells [30]. Base modification addresses the issue
of naked mRNA being eliminated by inflammatory reactions, leading to increased protein
production [29]. However, existing mRNA vaccines and therapy still require lipid transport systems.
Secondly, some diseases face challenges with vaccine protection duration due to the high mutation
rate of the virus. For instance, the COVID-19 virus evolves rapidly, while the influenza vaccine is
updated annually [31-32]. However, vaccinations for DNA viruses may only require 1-3 doses in a
lifetime. Therefore, extending the usage time of such vaccinations requires long-term research.

Despite these challenges, the benefits of mRNA vaccines outweigh their drawbacks. The most
significant advantage is the editability of mRNA: current gene editing techniques allow researchers
to add or remove regions from gene segments to translate or modify specific proteins [21]. Gene
editing tools allow researchers to design mRNA sequences that express precise antigen targets,
making them ideal for personalized immunization strategies. According to the principle of subunit
vaccines mentioned previously, some gene-editing subunit vaccines may be replaced by mRNA
vaccines, especially when antigens are proteins [19]. Accurately eliciting specific immune
responses may allow the immune system to discover pathogens that were previously able to avoid
immune system detection. The present research concept for therapeutic vaccines may have
developed from this, and the current rabies vaccine has demonstrated the effectiveness of this
strategy. [33] Vaccines are therefore at least certain to help possible carriers. The advancement of
HIV vaccines in recent years has been fueled by the discovery of gene editing technologies and
clinical evidence on therapeutic vaccinations [34]. These innovations suggest a future in which
vaccines protect not only potential carriers but also treat infected individuals.

Another advantage is cytoplasmic translation: mRNA remains in the cytoplasm and does not
enter the nucleus, eliminating the risk of genome integration and reducing vaccination-related
infections [28]. Compared to traditional vaccines, mRNA vaccines are equivalent to holding the
high efficiency of attenuated vaccines while having the same low infection risk as subunit and
inactivated vaccines.

Second, cell matrices are required to cultivate the virus for later processing because RNA can be
transcribed and amplified in vitro [15], which can save steps and increase production [28-29]. This
can speed up the study of vaccines, such as the high iteration of the COVID-19 vaccine. Otherwise,
gene editing makes vaccines more likely to defend multiple variants/viruses through one dose, if
enough diverse antigen codons can be modified on one mRNA strand.

4.  Bacteria vaccines and phage therapy

Bacterial vaccines appeared quite early; people concentrated on researching them during the 19th
and early 20th centuries [35] However, not all vaccines work effectively, and the development of
antibiotics has had a huge impact to corresponding research. Furthermore, a lot of bacterially caused
epidemics are caused by environmental hygiene risks or compromised immunity. Making bacteria
vaccines hardly reduces certain infectivity. Examples include cholera, typhoid fever, glandular
pestis, and so on. Although these pathogens have vaccines, their carriers live far beyond human
society, which makes it hard to prevent infection. Maintaining a clean environment and offering
antibiotics in this situation is far more effective than vaccines.

The concept that bacteriophages kill bacteria is analogous to how viruses infect cells, and
bacteriophages are highly targeted. Generally, one type of bacteriophage only infects a specific type
of bacteria [35-36]. This trait prevents phage therapy from producing many side effects like
antibiotics. However, the corresponding issues include the lack of broad-spectrum effects, the
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lysogenic phenomenon, the requirement for a specific culture for every therapy, and the possibility
of being eliminated by immune responses after entering the organisms [35-36].

Nowadays, the development of genetic vaccines and therapy has expanded people's perspectives.
If native bacteriophages are insufficient to perform the therapeutic task, gene-edited bacteriophages
or vaccines based on the bacteriophage principle might be feasible.

According to this theory, if bacteriophage attacks can be considered a unique type of targeting, it
may be able to identify the ligand code that binds to bacteria receptors and conjugate it with known
antigen codes to create a conjugate/mRNA vaccination. Thus, if this antigen could bind to bacteria,
it may stimulate an individual's immune response and physically affect the behavior of drug-
resistant bacteria for adjuvant therapy. This makes little impact for phage resistance and lysogenic
phenomena. Furthermore, using empty phage protein shells as carriers for mRNA, altered genes,
and even antibiotics might enable humanity to do more.

5. Conclusion

Unlike antibiotics, gene-edited vaccines' potential is far from being fully developed. Although there
are side effects, it originally proved its effectiveness to individuals throughout the outbreak. Due to
current technological limitations, the potential of such vaccines has not yet been fully demonstrated.
If it is possible to ensure its stability while reducing costs, then with the passage of time and
technological innovation, gene vaccines may gradually take over the vaccine market and replace
traditional categories such as attenuated, inactivated, and conjugate vaccines. This type of vaccine
may achieve multiple defenses with one dose, not containing multiple antigens in one dose, but
using one antigen to defend against multiple diseases. This is difficult to achieve with drugs, but
vaccines may not be impossible.

References

[1] Orenstein, W. A., Offit, P. A., Edwards, K. M., & Plotkin, S. A. (2022). Plotkin's Vaccines, E-Book. Elsevier
Health Sciences.

[2] Alberts B, Johnson A, Lewis J, et al. (2002). Molecular Biology of the Cell. 4th edition. New York: Garland
Science; https://www.ncbi.nlm.nih.gov/books/NBK21054/?depth=2

[3] Riera Romo, M., Pérez-Martinez, D., & Castillo Ferrer, C. (2016). Innate immunity in vertebrates: an overview.
Immunology, 148(2), 125—139. https://doi.org/10.1111/imm.12597

[4] Siegrist, C. A. (2008). Vaccine immunology. Vaccines, 5(1), 17-36.

[5] Doherty, M., Buchy, P., Standaert, B., Giaquinto, C., & Prado-Cohrs, D. (2016). Vaccine impact: Benefits for
human health. Vaccine, 34(52), 6707-6714.

[6] Fine, P. E. (1993). Herd immunity: history, theory, practice. Epidemiologic reviews, 15(2), 265-302.

[7] Luan, Guijie & Yao, Hongyan & Yin, Dapeng & Liu, Jianjun. (2024). Trends and Age-Period-Cohort Effect on In
cidence of Varicella Under Age 35 — China, 2005-2021. China CDC Weekly. 6. 390-395. 10.46234/ccdcw2024.0
76.

[8] World Health Organization (2018). Rabies vaccines: WHO position paper, April 2018 - Recommendations.
Vaccine, 36(37), 5500-5503. https://doi.org/10.1016/j.vaccine.2018.06.061

[9] Kim, J., Vasan, S., Kim, J. H., & Ake, J. A. (2021). Current approaches to HIV vaccine development: a narrative r
eview. Journal of the International AIDS Society, 24 Suppl 7(Suppl 7), e25793. https://doi.org/10.1002/jia2.25793

[10] World Health Organization. Electronic address: sageexecsec@who.int (2017). Human papillomavirus vaccines:
WHO position paper, May 2017-Recommendations. Vaccine, 35(43), 5753-5755. https://doi.org/10.1016/j.vaccin
e.2017.05.069

[11] Gordillo Altamirano, F. L., & Barr, J. J. (2019). Phage Therapy in the Postantibiotic Era. Clinical microbiology
reviews, 32(2), e00066-18. https.//doi.org/10.1128/CMR.00066-18

[12] Shors, T. (2017). Understanding viruses. Jones & Bartlett Publishers.

[13] Pollard, A.J., Bijker, E.M. A guide to vaccinology: from basic principles to new developments. Nat Rev Immunol
21, 83-100 (2021). https://doi.org/10.1038/s41577-020-00479-7

[14] Dolgin E. (2021). The tangled history of mRNA vaccines. Nature, 597(7876), 318—324. https://doi.org/10.1038/d4
1586-021-02483-w

21



Proceedings of ICBioMed 2025 Symposium: Al for Healthcare: Advanced Medical Data Analytics and Smart Rehabilitation
DOI: 10.54254/2753-8818/2025.AU22960

[15] Erlich, H. A. (1989). PCR technology (pp. 61-70). New York: Stockton press.

[16] Pacesa, M., Pelea, O., & Jinek, M. (2024). Past, present, and future of CRISPR genome editing technologies. Cell,
187(5), 1076—-1100. https://doi.org/10.1016/j.cell.2024.01.042

[17] Sanders, B., Koldijk, M., & Schuitemaker, H. (2014). Inactivated Viral Vaccines. Vaccine Analysis: Strategies,
Principles, and Control, 45-80. https://doi.org/10.1007/978-3-662-45024-6 2

[18] Hajra, D., Datey, A., & Chakravortty, D. (2021). Attenuation Methods for Live Vaccines. Methods in molecular
biology (Clifton, N.J.), 2183, 331-356. https://doi.org/10.1007/978-1-0716-0795-4_17

[19] Jessica C. Stark et al., On-demand biomanufacturing of protective conjugate vaccines.Sci. Adv.7, eabe9444(2021).
DOI:10.1126/sciadv.abe9444

[20] Francis M. J. (2018). Recent Advances in Vaccine Technologies. The Veterinary clinics of North America. Small
animal practice, 48(2), 231-241. https://doi.org/10.1016/j.cvsm.2017.10.002

[21] Strassburg M. A. (1982). The global eradication of smallpox. American journal of infection control, 10(2), 53—59.
https://doi.org/10.1016/0196-6553(82)90003-7

[22] Vazquez, M., LaRussa, P. S., Gershon, A. A., Niccolai, L. M., Muehlenbein, C. E., Steinberg, S. P., & Shapiro, E.
D. (2004). Effectiveness over time of varicella vaccine. Jama, 291(7), 851-855.

[23] Sara Sousa Rosa, Duarte M.F. Prazeres, Ana M. Azevedo, Marco P.C. (2021). Marques, mRNA vaccines
manufacturing: Challenges and bottlenecks, Vaccine, Volume 39, Issue 16, Pages 2190-2200, ISSN 0264-410X,
https://doi.org/10.1016/j.vaccine.2021.03.038.

[24] Watson-Jones, D., Changalucha, J., Whitworth, H., Pinto, L., Mutani, P., Indangasi, J., Kemp, T., Hashim, R., Ka
mala, B., Wiggins, R., Songoro, T., Connor, N., Mbwanji, G., Pavon, M. A., Lowe, B., Mmbando, D., Kapiga, S.,
Mayaud, P., de SanJosé, S., Dillner, J., ... Baisley, K. (2022). Immunogenicity and safety of one-dose human papil
lomavirus vaccine compared with two or three doses in Tanzanian girls (DoRIS): an open-label, randomised, non
-inferiority trial. The Lancet. Global health, 10(10), e1473—e1484. https://doi.org/10.1016/52214-109X(22)00309-
6

[25] Wang, Z. Z., Li, M. Q., Wang, P., Yang, Z. X., Wei, L., Zeng, Y., Li, Y. P., Yan, L., Liu, X. E., & Zhuang, H. (2016).
Comparative immunogenicity of hepatitis B vaccine with different dosages and schedules in healthy young adults
in China. Vaccine, 34(8), 1034—1039. https://doi.org/10.1016/j.vaccine.2016.01.018

[26] Wu, W., Wang, H., Li, K., Pekka Nuorti, J., Liu, D., Xu, D., Ye, J., Zheng, J., Fan, C., Wen, N., & An, Z. (2018).
Recipient vaccine-associated paralytic poliomyelitis in China, 2010-2015. Vaccine, 36(9), 1209-1213.
https://doi.org/10.1016/j.vaccine.2018.01.019

[27] Korsman, S. N. J., van Zyl, G. U., Nutt, L., Andersson, M. 1., & Preiser, W. (2012). Antiviral drugs—: history and
obstacles. Virology, 36—41. https://doi.org/10.1016/B978-0-443-07367-0.00018-5

[28] Park, J. W., Lagniton, P. N. P., Liu, Y., & Xu, R. H. (2021). mRNA vaccines for COVID-19: what, why and how.
International journal of biological sciences, 17(6), 1446—1460. https://doi.org/10.7150/ijbs.59233

[29] Kariko, K., Muramatsu, H., Welsh, F. A., Ludwig, J., Kato, H., Akira, S., & Weissman, D. (2008). Incorporation of
pseudouridine into mRNA yields superior nonimmunogenic vector with increased translational capacity and
biological stability. Molecular therapy, 16(11), 1833-1840.

[30] Simonsen, J., Lind, M., Witzigmann, D., Albertsen, C., Petersson, K., & Kulkarni, J. (2022). The role of lipid
components in lipid nanoparticles for vaccines and gene therapy. Advanced Drug Delivery Reviews, 188, 114416.
https://doi.org/10.1016/j.addr.2022.114416

[31] Dadonaite, B., Brown, J., McMahon, T. E., Farrell, A. G., Figgins, M. D., Asarnow, D., Stewart, C., Lee, J., Logu
e, J., Bedford, T., Murrell, B., Chu, H. Y., Veesler, D., & Bloom, J. D. (2024). Spike deep mutational scanning hel
ps predict success of SARS-CoV-2 clades. Nature, 631(8021), 617—626. https.//doi.org/10.1038/s41586-024-0763
6-1

[32] Becker, T., Elbahesh, H., Reperant, L. A., Rimmelzwaan, G. F., & Osterhaus, A. D. M. E. (2021). Influenza
Vaccines: Successes and Continuing Challenges. The Journal of infectious diseases, 224(12 Suppl 2), S405-5419.
https://doi.org/10.1093/infdis/jiab269

[33] Natesan, K., Isloor, S., Vinayagamurthy, B., Ramakrishnaiah, S., Doddamane, R., & Fooks, A. R. (2023).
Developments in Rabies Vaccines: The Path Traversed from Pasteur to the Modern Era of Immunization.
Vaccines, 11(4), 756. https://doi.org/10.3390/vaccines1104075

[34] Burton, D. R., Ahmed, R., Barouch, D. H., Butera, S. T., Crotty, S., Godzik, A., Kaufmann, D. E., McElrath, M. J.,
Nussenzweig, M. C., Pulendran, B., Scanlan, C. N., Schief, W. R., Silvestri, G., Streeck, H., Walker, B. D., Walker,
L. M., Ward, A. B., Wilson, 1. A., & Wyatt, R. (2012). A Blueprint for HIV Vaccine Discovery. Cell host & microbe,
12(4), 396—407. hitps://doi.org/10.1016/j.chom.2012.09.008

[35] Carlton R. M. (1999). Phage therapy: past history and future prospects. Archivum immunologiae et therapiae
experimentalis, 47(5), 267-274.

[36] Lin, J., Du, F., Long, M., & Li, P. (2022). Limitations of Phage Therapy and Corresponding Optimization
Strategies: A Review. Molecules (Basel, Switzerland), 27(6), 1857. https://doi.org/10.3390/molecules27061857

22



