
Mal J Med Health Sci 19(SUPP9): 308-312, Aug 2023 308

Malaysian Journal of Medicine and Health Sciences (eISSN 2636-9346)

REVIEW ARTICLE

Vaccines for Orthopoxviruses: A Review

Che Nur Irfan Firdaus Che Marzuki1, Azra Juliana Mat Zaid1, Farah Wahida Azman1, Isnimyati Joepri1, 
Daniel Joe Dailin2,3, Hesham Ali El Enshasy2,3,4, Teo Siew Hway5, *Tong Woei Yenn1

1 Universiti Kuala Lumpur, Institute of Medical Science Technology (UniKL MESTECH), A1, 1, Jalan TKS 1, Taman Kajang Sentral,  
 43000 Kajang, Selangor, Malaysia.
2 Institute of Bioproduct Development, Universiti Teknologi Malaysia, 81310, Skudai, Johor, Malaysia.
3 Department of Bioprocess and Polymer Engineering, Faculty of Chemical and Energy Engineering, Universiti Teknologi  
 Malaysia, 81310, Skudai, Johor, Malaysia.
4 City of Scientific Research and Technology Applications (CSAT), New Burg Al Arab Alexandria, Egypt.
5 Universiti Kuala Lumpur, Malaysian Institute of Chemical and Bioengineering Technology, Lot 1988 Kawasan Perindustrian  
 Bandar Vendor, Taboh Naning, Alor Gajah, Melaka, Malaysia.

ABSTRACT

Human and animal infections with Orthopoxvirus have become more prevalent in recent years. Although  
smallpox has been eradicated, vaccinations continue to play a role in controlling the spread of  
Orthopoxvirus diseases. First generation vaccines were successfully commercialized, and they were  
widely used previously. Besides, several second-generation vaccines that emphasize sterile cell culture  
techniques for vaccine production have been developed. Some of the third-generation vaccines also  
successfully trigger immune responses in the host, and they are being researched as safer substitutes for  
smallpox vaccines. Extensive work is still being done on the creation of fourth-generation smallpox  
vaccines, which include the creation of DNA subunit vaccines. Clinical studies must be conducted to  
evaluate the efficacies of these vaccines. Vaccine was effective in preventing smallpox infection.  
To achieve the Sustainable Development Goals of the United Nations, a new paradigm for vaccination  
research and product development must be established.
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INTRODUCTION

Orthopoxvirus is a genus that includes viruses such 
as smallpox, cowpox, horsepox, camelpox, and 
monkeypox (1). These viruses have the potential 
to produce deadly localized or widespread skin  
lesions. At its 33rd meeting on May 8, 1980, the  
World Health Assembly formally announced that 
the world and its whole population had won the war 
against smallpox (2). They also urged that the people 
stop receiving smallpox vaccinations (2). A significant 
portion of the world’s population lacks immunity 
against smallpox and other zoonotic Orthopoxviruses 
(2, 3). Human and animal infections with Orthopoxvirus 
have become more prevalent in recent years. Although 
smallpox has been eradicated, vaccinations continue  
to play a role in controlling the spread of  
Orthopoxvirus diseases such as monkeypox, which 

have been recorded in numerous endemic nations  
since May 2022 (3).

Due to the eradication of smallpox and the  
discontinuation of mass immunization against the 
disease after 1980, the population’s susceptibility to 
variola virus (VARV) and other lethal Orthopoxviruses 
has progressively increased (2). In addition, VARV 
is viewed as a potential agent of bioterrorist attacks,  
which would have severe consequences for the  
entire global population (4). The lack of effective 
antiviral drugs and the risk associated with current 
vaccinia virus (VACV)-based live immunizations 
demand the development of new, safe Orthopoxvirus 
vaccines and usage instructions (5). The threat posed  
by the intentional release of the viruses will need  
the quick detection of the condition, as action is  
likely to occur 10 to 14 days after the initial  
diagnosis (3, 5). A combination of vaccines and 
antiviral drugs may be an option for those who are 
infected. This review discusses the past, present, 
and future recommendations of vaccines used to  
prevent Orthopoxviruses infection.
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Several of the Sustainable Development Goals (SDGs)  
of the UNESCO are dependent on the development  
of new vaccines. To achieve SDG 3: Good Health  
and Well-being (SDG 3), vaccines for Orthopoxviruses 
are potent tools for preventing infectious diseases 
and decreasing the burden of illness and death. The 
development of vaccines helps ensure the health 
and well-being of individuals and communities 
by protecting against diseases caused by  
Orthopoxviruses. Besides, the vaccines have a  
significant impact on SDG 1: No Poverty. When 
individuals are protected from vaccine-preventable 
diseases, they are less likely to incur expensive  
medical bills and endure permanent impairments. 

FIRST GENERATION VACCINES

By the induction of an immune response specific to  
the antigen and targeting monkeypox proteins,  
vaccines work to stop the spread of the smallpox  
virus infection. Monkeypox has taken the place of 
smallpox as the most serious Orthopoxvirus in terms  
of public health since smallpox was eradicated in 1980 
and smallpox vaccine was subsequently discontinued 
(6). In central and western Africa, where it usually  
occurs close to tropical rainforests, monkeypox has  
been on the rise (5). The need for more effective 
Orthopoxvirus vaccines has grown because of the 
potential use of monkeypox as a bioterrorist weapon.

The first-generation vaccinations that were used 
in the smallpox eradication campaign were very 
effective smallpox immunizations. Unfortunately, the  
vaccinations were produced in calf skin under 
circumstances that did not follow basic manufacturing 
requirements (7). Throughout the smallpox eradication 
campaign, the New York City Board of Health 
(NYCBH), Lister, and EM-63 strains of VACV were often  
used (7). The smallpox vaccine is generally passaged  
in primary cells obtained from chicken embryos, 
in rabbit kidney cells, or in the chorioallantoic  
membrane of chicken embryos. Lister is the first VACV 
strain utilised to make smallpox vaccine produced 
in cell culture (8). Commonly, these non-clonal live 
vaccinations were delivered via scarification with a 
two-pronged needle, resulting in a cutaneous response 
because of nearby viral multiplication (7). Historically, 
the scar forms after the injection, has been thought to 
correspond with smallpox protection (7). However, 
several side effects ranging from mild to severe were 
linked to these first-generation smallpox vaccines, 
including malaise, mild rash, and fever (9). As time 
went on, atopic dermatitis, immunosuppression, and 
heart disease all increased a person’s vulnerability 
to more serious issues (9). Dryvax is also one of the  
current USA-licensed smallpox vaccines. In the US 
eradication programme, it was propagated in calf  
skin and replaced by ACAM2000 in 2007. Currently, 

vaccination against the smallpox is not advised 
for anyone with these illnesses or those who have 
interactions with them (10). 

SECOND GENERATION VACCINES

Several second-generation vaccines that emphasize 
sterile cell culture techniques for vaccine production 
have been developed. For instance, the Elstree-BN 
vaccine from Bavarian Nordic was developed on chick 
embryo fibroblasts, while the cell-cultured smallpox 
vaccine (CCSV) from DynPort Vaccine Company 
was made from the NYCBH strain grown on typical 
diploid MRC-5 human lung cell cultures (11). Similarly, 
ACAM2000, a single clone created from the Dryvax 
vaccine and grown in Vero cells, was discovered by 
Acambis, a biotechnology company creating vaccines 
(now a branch of Sanofi Pasteur) (12). Clinical studies 
on nonhuman primates showed that ACAM2000  
had comparable immunogenicity to Dryvax and  
was less neurovirulent in mice (13). It was approved  
in the United States in 2007 (13). Nevertheless, 
ACAM2000 and other second-generation smallpox 
vaccines have similar rates of side effects to  
first-generation vaccines like Dryvax in terms of  
overall safety (14). Elstree-BN smallpox vaccine is  
typically propagated in corneal endothelial cells  
and the vaccine has showed safety and  
immunogenicity in both primate and human clinical 
studies. Before smallpox was eradicated, this  
vaccine was also created in Japan using chicken 
embryo fibroblast cells, and its safety profile 
was satisfactory (15). Additionally, at a dose 50 
times lower than the dose permitted for Dryvax, 
the cell-culture smallpox vaccine produced  
significant immunogenic responses in volunteers 
who had never received a vaccination (15). For both 
those who are vaccinia-naive and those who have 
had vaccinia in the past, the vaccine looks to be a 
secure and immunogenic substitute to calf-lymph-
derived inoculation (16). Modified Vaccinia Ankara 
(MVA), which was produced by repeatedly passing  
the VACV strain Ankara through the fibroblasts of  
chick embryos over 570 times (17). Despite most 
mammalian cells and animals being unable to 
become infected after MVA vaccination, viral 
genes are still generated (18). Nonetheless, 
only a few additional mammalian cell lines and  
chick embryo fibroblasts can replicate MVA, and  
their output is minimal, and the immunogenicity  
is not as strong as in prior generations of  
smallpox vaccine (19). For instance, immune 
responses to a Bavarian Nordic (Imvamune) MVA-
based vaccine in phase I and phase II clinical 
studies are concentration-dependent and may take  
two injections to induce immune responses  
comparable to those of first-generation vaccinations 
(20).
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THIRD GENERATION VACCINES

Third-generation smallpox vaccinations, or DNA 
vaccines are being researched as safer substitutes 
for smallpox vaccines. The generation of extremely 
attenuated VACV strains was further aided by genetic 
alteration of the virus’ genome (21). The Copenhagen 
strain of VACV is reportedly immunogenic, although 
compared to Dryvax or Lister first-generation vaccine 
strains, NYVAC elicits lower antibody responses in 
humans (21). It is created by deleting 18 non-essential 
genes from the Copenhagen strain, which significantly 
attenuates it and reduces its ability to replicate  
in human cells. In addition, it does not stimulate 
the production of anti-A27 antibodies, which are 
essential for the immune system’s ability to respond 
to first-generation vaccines and which can destroy  
intracellular mature virus (IMV) (21). Intense preclinical 
and clinical research is being conducted on NYVAC-
based recombinants as recombinant vaccines against 
various viral infections. Highly attenuated VACV  
strains like MVA and NYVAC have the two key 
disadvantage of not causing a scar in vaccine  
recipients and having an unknown level of  
effectiveness against smallpox (21). Imvamune is a live 
attenuated, non-replicating vaccine that is approved  
for protection against smallpox and other  
orthopoxvirus related infections (22). In 1968–1980,  
it was administered to over 120,000 persons in  
Germany as a safe, highly attenuated smallpox 
vaccination with no significant side effects. In  
addition, Imvamune induces antibody responses 
comparable to Dryvax in mouse and non-human 
primate challenge models (22).

Third-generation vaccine attenuated VACV LC16m8, 
which was developed from the Lister strain,  
demonstrated exceptional safety (23). In contrast to 
MVA, which does not cause an immune response in 
those who have received the vaccination, LC16m8  
has a mutation in the B5R gene that allows the 
virus to form fewer plaques and replicate less  
efficiently (24). One disadvantage that needs to 
be considered is the fact that LC16m8 does not 
induce antibody responses against the B5 protein, 
which is the main target for extracellular enveloped  
virus (EEV) neutralizing antibodies (6). The Elstree/Lister 
vaccine’s uracil-DNA-glycosylase (UDG) gene was  
also removed to make the dVV-L vaccine. Since the  
UDG enzyme is required for viral replication, viral 
replication is inefficient in its absence (24). The  
vaccine may be made using complementary cell 
lines and is safe to use. Third-generation vaccinations  
that are created from first-generation vaccinia strains 
through serial passage in non-human tissues or  
through genetic modification of such strains in modern 
viral genetic laboratories have the potential to be 
effective vaccines (25).

FOURTH GENERATION VACCINES

The development of fourth-generation smallpox 
vaccinations, which reduce the possibility that the 
VACV vector will have adverse effects or respond 
back to a more pathogenic phenotype, is still under 
extensive development (26). The development of  
DNA subunit vaccines is one of them; these are  
often built of membrane proteins from the VACV  
and produce antibody responses against the IMV  
and EEV virus types (26). Typically, DNA vaccines 
consisting of VACV-induced neutralizing antibodies 
against the intracellular mature virus (IMV) and 
extracellular envelope virus (EEV). It has been shown 
to be protective using animal models, but none are 
currently being examined in clinical research, which 
are probably required for to study its effectiveness. 
Nonetheless, DNA vaccinations call for booster shots. 
A novel approach to immunization involves using 
conserved and immunogenic multi-T-cell epitopes  
in a DNA-prime, peptide-boost schedule (26). Animal 
studies have shown the effectiveness of these fourth-
generation vaccines against smallpox; however, none 
are currently completing clinical trials, and booster  
doses will probably be needed. Despite their 
demonstrated efficacy, the first generation of  
smallpox vaccines is no longer acceptable due to  
their problematic side effects and antiquated 
manufacturing processes (8). Since they include  
the same vaccinia strains as those of the first  
generation, second-generation vaccines with expected 
efficacy have been created (12). ACAM2000, has  
proven to be superior to first-generation vaccinations 
and has been included to the National Strategic 
Stockpile (27). Including those who are HIV-positive 
and have atopic dermatitis, the subjects have been 
examined for the safety of modified Vaccinia Ankara 
(MVA) (28). With MVA, the National Strategic  
Stockpile has been expanded (28). Because it can be 
lyophilized, administered using a bifurcated needle,  
and causes a skin reaction, the Japanese vaccine  
LC16m8 seems to be successful for limiting  
outbreaks (29).

Numerous candidates of the fourth generation have 
been created by contemporary immunologic and 
viral approaches. Protein-based vaccination, typically 
constituted of VACV, which induces neutralising 
antibodies against the IMV and EEV versions of the  
virus. Using animal models, it has been demonstrated 
to be protective and efficacious against smallpox; 
however, no clinical trials are currently underway (30). 
T-cell epitope vaccination is still under clinical study 
at present moment. The F8L protein of the monkeypox 
virus has two epitopes, ISPDGCYSL and LTFDYVVTF, 
which have been found to stimulate the CD8+ T cell 
population and the release of interferon- in rhesus 
macaques (31). A humanized mouse model used in the 
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epitope-based vaccine VennVax, which offers 100% 
protection against the vaccinia virus, causes a T cell 
response (32). VennVax has recently been found to be 
effective as an MPXV therapy.

They are either vaccinations made by adding  
numerous vaccinia epitopes or other immunogens 
to chemically produced molecules, or they are 
vaccinia components from which several genes have 
been deleted (16). These vaccines may not be fully  
developed as smallpox vaccines due to the expense 
and difficulty of demonstrating their effectiveness, but 
they may prove to be excellent vector vaccines for  
other infectious agents because the immunogenic 
components of these agents can be added to  
their genetic structure (22). A replication-competent  
smallpox vaccine (ACAM2000) and a replication-
deficient modified vaccinia Ankara (MVA) vaccine, 
both of which are still safe to use today, can be  
used to prevent smallpox and other orthopoxviruses 
(11).

CONCLUSION

The spread of zoonotic Orthopoxviruses to humans  
and other animals can only be prevented by early 
detection and control of animal infections by  
vaccination. The vaccines for orthopoxviruses were 
generally classified into 4 categories based on their 
nature. The characteristics of vaccines were discussed 
thoroughly in this review. Vaccine was effective 
in preventing smallpox infection. A new unified  
paradigm for vaccination research and product 
development must be formed in order to achieve  
the Sustainable Development Goals of the United 
Nations. Developing nations should play a crucial  
role in selecting and disseminating the specific  
vaccine products they require, in addition to this 
convergence of efforts and improved coordination.

REFERENCES
 
1. Berhanu A, King DS, Mosier S, Jordan R, Jones 

KF, Hruby DE, Grosenbach DW. (2010). Impact 
of ST-246® on ACAM2000TM smallpox vaccine 
reactogenicity, immunogenicity, and protective 
efficacy in immunodeficient mice. Vaccine. 2010; 
29(2):289–303. 

2. WHO (2022). Monkeypox .World Health 
Organization. https://www.who.int/news-room/
fact-sheets/detail/monkeypox

3. Goyal L, Ajmera K, Pandit R, Pandit T. Prevention 
and treatment of monkeypox: a step-by-step 
guide for healthcare professionals and general 
population. Cureus. 2022;14(8):28230.

4. Velavan TP, Meyer CG. Monkeypox 2022 outbreak: 
an update. Tropical medicine & international 
health, 2022;27(7):604-605.

5. Hraib M, Jouni S, Albitar MM, Alaidi S, Alshehabi 

Z. The outbreak of monkeypox 2022: an overview. 
Annals of Medicine and Surgery. 2022;79:104069.

6. Yokote H, Shinmura Y, Kanehara T, Maruno S, 
Kuranaga M, Matsui H, Hashizume S. Vaccinia 
virus strain LC16m8 defective in the B5R gene 
keeps strong protection comparable to its parental 
strain Lister in immunodeficient mice. Vaccine. 
2015;33(45):6112–6119.

7. Kennedy RB, Poland GA, Ovsyannikova IG, Oberg 
AL, Asmann YW, Grill DE, Vierkant RA, Jacobson 
RM. Impaired innate, humoral, and cellular 
immunity despite a take in smallpox vaccine 
recipients. Vaccine. 2016;34(28):3283–3290.

8. Takahashi-Nishimaki F, Suzuki K, Morita M, 
Maruyama T, Miki K, Hashizume S, Sugimoto 
M. Genetic analysis of vaccinia virus Lister strain 
and its attenuated mutant LC16m8: production 
of intermediate variants by homologous 
recombination. Journal of General Virology. 
1987;68(10):2705-2710.

9. Poland GA, Kennedy RB, Tosh PK. Prevention of 
monkeypox with vaccines: a rapid review. The 
Lancet Infectious Diseases. 2022;22(12):e349–
e358.

10. Haselow D. Vaccination-related side effects, 
humoral immunity, and adverse events during the 
civilian smallpox vaccination campaign, arkansas. 
Public Health Nursing. 2015;33(2):129–138. 

11. Islam MR, Hossain MJ, Roy A, Hasan AN, Rahman 
MA, Shahriar M, Bhuiyan MA. Repositioning 
potentials of smallpox vaccines and antiviral 
agents in monkeypox outbreak: a rapid review on 
comparative benefits and risks. Health Science 
Reports. 2022;5(5):e798.

12. Monath TP, Caldwell JR, Mundt W, Fusco J, Johnson 
CS, Buller M, Weltzin R. ACAM2000 clonal Vero 
cell culture vaccinia virus (New York City Board 
of Health strain)–a second-generation smallpox 
vaccine for biological defense. International 
Journal of Infectious Diseases. 2004;8:31-44.

13. Verardi PH, Titong A, Hagen CJ. A vaccinia virus 
renaissance. Immunotherapeutics, 2012;8(7):961–
970. 

14. Frey SE. New smallpox vaccines for an ancient 
scourge. Missouri Medicine, 2014;111(4):332–
336.

15. Voigt EA, Kennedy RB, Poland GA. Defending 
against smallpox: a focus on vaccines. Expert 
Review of Vaccines. 2016;15(9):1197-1211.

16. Greenberg RN, Kennedy JS, Clanton DJ, Plummer 
EA, Hague L, Cruz J, Hopkins RJ. Safety and 
immunogenicity of new cell-cultured smallpox 
vaccine compared with calf-lymph derived 
vaccine: a blind, single-centre, randomised 
controlled trial. The Lancet;365(9457):398-409.

17. Trovato M, Sartorius R, D’Apice L, Manco R, De 
Berardinis P. Viral emerging diseases: challenges 
in developing vaccination strategies. Frontiers in 
immunology, 2020;11:2130-2134.



Mal J Med Health Sci 19(SUPP9): 308-312, Aug 2023 312

18. Sutter G. A vital gene for modified vaccinia 
virus ankara replication in human cells. 
Proceedings of the National Academy of Sciences, 
2020;117(12):6289–6291. 

19. Melamed S, Israely T, Paran N. Challenges and 
achievements in prevention and treatment of 
smallpox. Vaccines, 2018;6(1):8-12.

20. Overton ET, Stapleton J, Frank I, Hassler S, Goepfert 
PA, Barker D, Wagner E, von Krempelhuber A, 
Virgin G, Weigl J, Meyer TP, Müller J, Bädeker 
N, Grünert R, Young P, Rösch S, Maclennan J, 
Arndtz-Wiedemann N, Chaplin P. Safety and 
immunogenicity of modified vaccinia ankara-
bavarian nordic smallpox vaccine in vaccinia-naive 
and experienced human immunodeficiency virus-
infected individuals: an open-label, controlled 
clinical phase II trial. Open Forum Infectious 
Diseases. 2015;2(2):ofv040. 

21. Albarnaz J, Torres A, Smith G. Modulating 
vaccinia virus immunomodulators to improve 
immunological memory. Viruses/ 2018;10(3):101-
105. 

22. Vollmar J, Arndtz N, Eckl KM, Thomsen T, Petzold 
B, Mateo L, Chaplin P. Safety and immunogenicity 
of IMVAMUNE, a promising candidate as a 
third generation smallpox vaccine. Vaccine. 
2006;4(12):2065-2070.

23. Kidokoro M, Shida H. Vaccinia virus LC16m8∆ as a 
vaccine vector for clinical applications. Vaccines. 
2014;2(4):755–771.

24. Sánchez-Sampedro L, Perdiguero B, Mejías-
Pérez E, García-Arriaza J, Di Pilato M, Esteban 
M. The evolution of poxvirus vaccines. Viruses. 
2015;7(4):1726–1803. 

25. Freitas LFD, Oliveira RP, Miranda MCG, Rocha 
RP, Barbosa-Stancioli EF, Faria AM C, da Fonseca 
FG. The virulence of different vaccinia virus 
strains is directly proportional to their ability to 
downmodulate specific cell-mediated immune 

compartments in vivo. Journal of Virology. 
2019;93(6):e02191-18. 

26. Jacobs BL, Langland JO, Kibler KV, Denzler KL, 
White  SD, Holechek SA, Baskin CR. Vaccinia 
virus vaccines: past, present and future. Antiviral 
Research. 2009;84(1):1-13.

27. Nalca A, Zumbrun EE. ACAM2000™: the new 
smallpox vaccine for United States Strategic 
National Stockpile. Drug Design, Development 
and Therapy, 2010;2:71-79.

28. Volkmann A, Williamson AL, Weidenthaler H, 
Meyer TP, Robertson JS, Excler JL, Chen RT. The 
Brighton Collaboration standardized template 
for collection of key information for risk/benefit 
assessment of a Modified Vaccinia Ankara (MVA) 
vaccine platform. Vaccine, 2021;39(22),3067-
3080.

29. Eto A, Saito T, Yokote H, Kurane I, Kanatani Y. 
Recent advances in the study of live attenuated 
cell-cultured smallpox vaccine LC16m8. Vaccine, 
2015;33(45), 6106-6111.

30. Meseda CA, Garcia AD, Kumar A, Mayer AE, 
Manischewitz J, King LR, Weir JP. Enhanced 
immunogenicity and protective effect conferred 
by vaccination with combinations of modified 
vaccinia virus Ankara and licensed smallpox 
vaccine Dryvax in a mouse model. Virology. 
2005;2:164-175. 

31. Song H, Sidney J, Wiseman RW, Josleyn N, Cohen 
M, Blaney JE, Sette A. Characterizing monkeypox 
virus specific CD8+ T cell epitopes in rhesus 
macaques. Virology. 2013;47(1-2):181-186. 

32. Akhtar N, Kaushik V, Grewal RK, Wani AK, 
Suwattanasophon C, Choowongkomon K, Chawla 
M. Immunoinformatics-aided design of a peptide 
based multiepitope vaccine targeting glycoproteins 
and membrane proteins against Monkeypox Virus. 
Viruses. 2022;14:2374-2378.

Malaysian Journal of Medicine and Health Sciences (eISSN 2636-9346) 


