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A B S T R A C T   

The recent emergence of monkeypox (MPX) has created a global threat. The number of infected and suspected 
cases of MPX is increasing in different parts of the world, especially in non-African countries. However, vaccines 
are available to fight against this disease. It has been observed that smallpox vaccines can be used to protect 
against MPX. The present article highlights the significant points and various issues for vaccines and vaccinations 
that should be considered related to MPX. This paper illustrates current vaccines for smallpox that can be utilized 
to protect against MPX infection. The article also describes the different significant research on MPXV, especially 
smallpox vaccines, and its outcome in MPX infection. We have also tried to depict the smallpox vaccination 
eradication model through the statistical interface using smallpox eradication data from Central and West Africa 
between 1967 and 1972. We suggest that these models might be helpful for the eradication of MPX in the middle 
to low-economic countries. Simultaneously, we have also discussed vaccination preparedness in different 
countries like the USA, UK, Canada, Denmark, Germany, etc. Our report might be helpful to scientists and 
policymakers in understanding the vaccines and vaccination against MPX and formulating effective strategies to 
fight against the disease.   

1. Introduction 

Recently monkeypox (MPX) has emerged when people worldwide 
have started recovering from the COVID-19 pandemic. The health 
communities are worried due to the re-emergence of this neglected 
disease. The recent MPX outbreak has created a unique challenge 
throughout the globe [1,2]. The virus is very uncommon, and the disease 
is also life-threatening. The virus is called monkeypox virus (MPXV). 
Currently, MPX has sparse more than 96 non-African countries, and the 
outbreak has emerged in Australia, Canada, Belgium, Germany, France, 
Netherlands, Italy, the UK, Portugal, Sweden, Spain, and the USA. More 
than 61,753 suspected or confirmed cases have been recorded [3]. The 
virus has spread across multiple countries in several populations. 
Therefore, the viral disease appears as a global threat and has drawn 
people’s attention worldwide [4]. 

This zoonotic virus was first identified in Denmark in 1958. The virus 
was noted in two monkey colonies which were preserved in a Danish 

research laboratory. Researchers found pox-like disease symptoms in 
affected animals. The researchers named the condition ’monkeypox’ 
[5,6]. However, it was noticed in animals, not in humans, during that 
period. The first case of MPX in a human was noted in 1970 in the Congo 
(Democratic Republic of Congo, DRC). The incidence was initially re
ported as smallpox [7,8]. Later on, it was noted that MPX had re- 
emerged in Africa from time to time. Subsequently, researchers have 
found two distinct clades of the MPX. The two clades are the West Af
rican (WA) clade and Congo Basin (CB) clade [9,10]. Among these two 
clades, the infected individuals with the CB clade show a higher case 
fatality rate (CFR) than those infected with WA clade. Usually, the CRF is 
recorded from 1% to 10%. The CFR was observed at approximately 10% 
for infected persons with CB clade. On the other hand, the CFR was 
noted to be about 1% for infected persons with WA clade [8,10]. 
Recently, we have discussed the evolution and the Clade of the MPXV 
[11]. 

Several scientists have provided different hypotheses occasionally 
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for the re-emergence of MPXV and other zoonotic diseases. Noteworthy 
hypotheses from the previously published work are rainforest exploi
tation, extremely mobile populations, climate change, and geopolitical- 
related conflicts in disease areas. However, the illegal animal trade is 
one of the significant causes of the jump of any infectious disease’s virus 
from animals to the human population, and it might be one of the rea
sons for starting the MPXV outbreak in non-epidemic countries. At the 
same time, some scientists have also provided immunological hypoth
esis, such as declining herd immunity [8,12]. 

No traditional vaccine using the MPXV is available. At the same time, 
no next-generation MPX vaccine is expected shortly. However, the 
vaccinia virus vaccine is in use for immunization against smallpox. The 
vaccine might prevent the onset of clinical disease if the vaccine is 
administered within four days of smallpox infection [8]. The vaccine 
was successful in eradicating smallpox. It has been observed that, after 
the eradication of smallpox, the routine vaccination of smallpox was 
paused in several places. However, MPX emerged in the unvaccinated 
human populations with augmented frequency during this phase. 
Currently, smallpox vaccines are being used to protect against MPX. 

At the moment, there is an urgent need to vaccinate people to protect 
against MPX. Therefore, proper strategies are required for vaccinating 
people. The present article highlights major areas for vaccines and 
vaccination strategies related to MPX. In this direction, the paper illus
trates currently available vaccines for smallpox that are being used to 
protect against MPX infection and significant research to fight against 
MPX using smallpox vaccines. Moreover, we have tried to depict the 
smallpox vaccination eradication model in Central and West Africa be
tween 1967 and 1972. We suggested that these models might be helpful 
for the eradication of MPX in the middle to low-economic countries. 
Recently, we also urged to adopt the quick contact tracing and ring 
vaccination strategy to control the MPX, which is presently used by 
several countries. 

2. Available smallpox vaccines that are being used to protect 
against the infection of MPX 

Currently, two smallpox vaccines are available in the USA: one is 
JYNNEOSTM, and another is ACAM200. These vaccines are administered 
to people having an exposure chance to any Orthopoxviruses [13]. This 
condition is entitled PrEP (pre-exposure prophylaxis). The people who 
might have a chance to get PrEP include research laboratory workers, 
clinical laboratory people, public health workers, and healthcare 
professionals. 

2.1. JYNNEOSTM vaccine 

The vaccine is given to individuals as a non-replicating, live virus 
[13]. It is a modified vaccinia virus Ankara (MVA) vaccine. The USFDA 
first approved the vaccine in 2019 for adults in the USA [14]. Different 
studies have shown that the vaccine is about 85% effective against MPX. 
The vaccine is administered in two doses (0.5 mL each dose), and these 
two dosages are administered after four weeks. The vaccine is given as 
subcutaneous injections. Presently, the vaccine is made by Bavarian 
Nordic in Denmark. The company has also collaborated with the USA to 
develop a freeze-dried vaccine form (MVA-BN® freeze-dried). The 
company has completed the phase 3 clinical trial for MVA-BN®. The 
vaccine is available under different names in different countries. For 
instance, in the European Union, the vaccine is known as Imvanex, and 
in Canada, it is Imvamune. 

2.2. ACAM2000 vaccine 

This smallpox vaccine is prepared using the live vaccinia virus, and 
the vaccinia strain was derived from the New York City Board of Health, 
the USA. The live virus preparation is administrated to the individuals 
for vaccination. The Emergent BioSolutions developed the vaccine with 

an agreement with USCDC. The vaccination procedure is different from 
the usual injecting form. The vaccination technique is called the mul
tiple puncture technique. The vaccine is administered using a bifurcated 
stainless steel needle. During vaccination, the needle is dipped into the 
solution (vaccine solution), and the individual’s skin is pierced in the 
arm with the needle a few times during the administration. It has been 
noted that 100 doses are available in each vaccine vial containing 
approximately 0.0025 mL of live vaccinia virus. It has also been 
observed that the amount contains 2.5–12.5 ×105 plaque-forming units. 
The preparation of purified live viruses includes some non-active re
cipients: human serum albumin, HEPES, mannitol sodium chloride, etc. 
[15]. The renowned vaccine development company Sanofi Pasteur is 
manufacturing this vaccine. The USFDA approved the vaccine in August 
2007. 

2.3. Dryvax vaccine 

The Dryvax vaccine has been recorded as the oldest smallpox vaccine 
in the world. American home product was created during the late 19th 

century. It was synthesized by Wyeth’s forebear, a well-known phar
maceutical company in the USA. The vaccine contains a live vaccinia 
virus (VACV) in freeze-dried form. The vaccine is prepared from calf 
lymph. USFDA licensed it in 1931. It was used to protect against 
smallpox; however, the vaccine can be used to protect against MPX. It 
has been noted that the vaccine can provide immunogenic protection for 
about 95% of vaccinated individuals. The vaccine has some side effects 
in about 1% to 2% of cases [16]. However, the Dryvax was replaced by 
ACAM2000 in 2008, the national strategic stockpile [17]. The vaccine is 
no longer manufactured. 

Table 1 
Different smallpox vaccines are used for the MPXV infection from time to time 
by several countries.  

Sl. 
No. 

Vaccine 
category 

Vaccine name Vaccine type Present status              

Old 
smallpox 
vaccines  

Western 
Reserve 

Replicative, 
vacinia strain 

Model virus for 
best studies on 
features of 
poxvirus biology  

VACV Lister 
strain (VACV- 
LST) 

Replicative, 
attenuated 
vaccinia virus 

Extensively used 
as smallpox 
vaccine  

Modified 
vaccinia virus 
Ankara (MVA) 

Non-replicative, 
highly attenuated 
and modified 
vaccinia virus 
Ankara (MVA) 
strain 

Approved as third- 
generation vaccine 
against the 
smallpox  

New York City 
Board of Health 
(NYCBOH) 
(Dryvax) 

Replicative, multi 
clonal vaccinia 
strain 

Stopped in the 
year 1982  

Aventis Pasteur 
Smallpox 
Vaccine (APSV) 

Replication- 
competent of 
vaccinia virus 

Under 
investigational 
new drug 
application or 
emergency use 
authorization for 
smallpox 
emergency    

Recent- 
advanced 
smallpox 
vaccines 

ACAM2000® Live vaccinia 
virus 
(replication 
competent) 

Approved against 
smallpox and 
human MPXV  

JYNNEOS™ 
(Imvamune or 
Imvanex or 
MVA-BN) 

Modified 
Vaccinia Ankara- 
Bavarian Nordic 
(MVA-BN) strain, 
attenu- 
ated Vaccinia 
virus  
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Several smallpox vaccines have been used from time to time for MPX 
vaccines by different countries. We have provided a list of the smallpox 
vaccines that might help eradicate the MPXV (Table 1). 

3. Major researches to fight against MPX using smallpox 
vaccines: From molecular biology to the mathematical model 

It has been noted that different researchers have used smallpox 
vaccines as protection against MPXV. Some researchers have also tried 
to develop next-generation vaccines to protect against the virus. Ken
nedy et al. performed a study to understand the humoral immune re
sponses of the recipients who have received the smallpox vaccine. In this 
study, a poxvirus proteome array was used to evaluate the response of 
the antibody. The array analyzed the protein from a cohort who received 
the smallpox vaccine (n=1,037). The antibody responses were measured 
against the viral proteins using Dryvax and ACAM2000 [18]. A routine 
smallpox vaccine Dryvax was observed to protect nonhuman primates 
from MPX. Another study was performed by Hooper et al. using the 
Dryvax vaccine on rhesus macaques. They have noted that vaccinated 
monkeys with Dryvax have no clinical symptoms of the disease. In this 
study, the researchers have used a DNA vaccine that consists of four 
genes from the vaccinia virus (B5R, A33R, A27L, and L1R), demon
strating a protective effect against MPX [19]. This study might have used 
the first subunit vaccine for the immunization against MPX or smallpox. 
Similarly, Edghill-Smith et al. have reported that the vaccination with 

live vaccinia virus, the active agent of the smallpox vaccine, provides 
adequate safety against the MPXV. It can stimulate protective antibody 
responses, which are long-lasting against the MPXV [20]. At the same 
time, Earl et al. used two vaccines Dryvax and attenuated MVA strain, in 
a monkey model. They analyzed T-cell responses, neutralizing titers, and 
antibody binding after one dose of MVA with subsequent Dryvax or two 
MVA doses. They found that vaccinated animals were healthier than 
infected animals, a challenge with the MPXV [21]. Another study 
developed a multivalent smallpox DNA vaccine. It was administered to 
nonhuman primates using intradermal electroporation to induce im
munity against the lethal MPXV. It shows a high antibody -titer and 
might offer animals safety from the pathogenic MPX challenge [22]. 
Likewise, Marriott et al. developed clonal vaccinia virus isolated from 
Dryvax, manufactured through the cell culture. The protective activity 
of the clonal vaccinia virus was tested in a nonhuman primate model. It 
showed protection in monkeys challenged with a lethal dose of MPXV 
[23]. 

At the same time, it was observed that some researchers had devel
oped mathematical or statistical models to evaluate the vaccination 
program. In this direction, researchers developed a mathematical model 
to understand the transmission dynamics of the virus, which might help 
formulate vaccination strategies [24]. Bankuru et al. developed a game- 
theoretic model that might help evaluate different vaccination ap
proaches [25]. However, more research is needed to fight against the 
neglected disease, mostly to develop the next-generation MPX vaccine 

Fig. 1. The timeline shows the different milestones of smallpox, such as the vaccination and eradication of smallpox. The timeline also describes the emergence 
period of MPX, and currently, the smallpox vaccine has been rolled out to fight against the MPX in different countries. 

Fig. 2. Vaccination for the smallpox eradication program in Central and West Africa from 1967 to 1972. (a) A statistical regression plot describes the number of 
smallpox vaccinations during the smallpox elimination program in different countries in Central and West Africa in 1967 (b). A statistical regression plot represents 
the number of smallpox vaccinations during the smallpox eradication program in Central and West Africa in various countries in 1972. 
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and understand the immunological aspect of vaccination. 

4. Can we use the smallpox or COVID-19 vaccination eradication 
model to eradicate MPX? 

4.1. Continuous immunization programs in developing and 
underdeveloped countries for smallpox eradication 

The first origin of smallpox is not known. In 1949, the last smallpox 
case was reported in the USA. However, continuous immunization 
programs against smallpox in developing and underdeveloped countries 
continued to eradicate smallpox. The last case of smallpox was noted in 
Bangladesh in 1975, which might be the latest case of smallpox world
wide. Afterward, WHO declared the smallpox-free world in May 1980 
(Fig. 1). However, if we look back, the smallpox global eradication 
program was started in 1959. After the continuous effort of 21 years of 
this eradication program, the WHO declared in the thirty-third World 
Health Assembly that the ‘universal disease’ has been eradicated glob
ally [26]. In 1960, it might be observed that different smallpox vacci
nation programs were conducted aggressively to eliminate smallpox, 
especially in Central and West Africa. One report illustrated that 
aggressive smallpox vaccination programs between 1967 and 1969 
vaccinated 100 million people and 28 million additional children during 
1972 [27]. We have tried to depict smallpox vaccination programs from 
the previously published data through two statistical models conducted 
between 1967 and 1972 in Central and West Africa (Fig. 2a and Fig. 2b). 
The first model illustrates the smallpox vaccination programs in 1967 in 
Central and West Africa (Fig. 2a). The second model demonstrates the 
smallpox vaccination programs in 1972 in Central and West Africa 
(Fig. 2b). The first model illustrated that Nigeria is the most vaccinated 
country, and the Congo, Gabon, Liberia, and the Gambia were less 
vaccinated. Similarly, the second model presented that Nigeria again 
was the highest vaccinated country. Several countries were less vacci
nated, such as Congo, Equatorial Guinea, Gabon, Gambia, Liberia, etc. 
The second model illustrated that the program might eradicate the 
maximum number of smallpox in more countries where fewer vaccina
tion programs occurred. It also illustrated that the vaccination program 
might be successful in those countries before 1972. However, these 
vaccination models can be adopted for MPX eradication if the viruses 
spread in developing or underdeveloped countries or middle to low- 
economic countries. 

4.2. Rapid contact tracing and ring vaccination 

Ring vaccination is a strategy to control a disease spreading by 
vaccinating individuals who are most likely to be infected. Contact 
tracing and ring vaccination are essential strategies developed to erad
icate smallpox. The method was noted successful compared to mass 
vaccination (Fig. 3). Several researchers have developed statistical or 
mathematical-based contact tracing and ring vaccination models from 
time to time. Porco et al. have developed a stochastic network model for 
contact tracing and ring vaccination [28]. At the same time, Kretzsch
mar et al. have illustrated a stochastic model to constrain the spread of 
smallpox. The researchers have considered the basic reproduction 
number (R0) during development and analysis. They have concluded 
that the ring vaccination could be a successful strategy if infectious cases 
are quickly diagnosed [29]. Several researchers have recently tried to 
enlist some ring vaccination strategies to eradicate the MPXV [30,31]. 
However, it is necessary to consider the previously developed ring 
vaccination models when researchers depict the present strategies of 
ring vaccination. 

4.3. Epidemiological pattern to develop the vaccination strategy of MPX 

It has been noted that epidemiological pattern is one of the essential 
criteria for developing the vaccination strategy. Therefore, epidemio
logical models are an indispensable tool for controlling any disease. 
Several mathematical models have been used during the COVID-19 
pandemic to understand the epidemiological pattern of the disease. 
Several researchers have intimated that epidemiological models are 
effective tools to intervene in the COVID-19 pandemic [32–34]. How
ever, these models might not fit to control the current MPX infection 
because of the specific age group of current MPX infection. Several 
recent studies have illustrated that the age group pattern of present MPX 
infection differs from the previous MPX infection. We have also provided 
an epidemiological model through a recent work [11]. We also noted 
from the extensive literature survey that the infected individuals in the 
UK are 31–43 age group and the 28–61 age group for the USA. However, 
we found from the USCDC data that the USA is vaccinating those groups 
of individuals more compared to the 0–17 age group. It might be vital 
information to develop vaccination strategies. However, more studies 
are needed to illustrate the epidemiological pattern to establish the 
vaccination strategy of MPX. 

Fig. 3. A schematic diagram illustrates the mass vaccination and ring vaccination strategies. It is important to consider three components during ring vaccination 
which are infected individuals, unvaccinated individuals and the vaccinated individuals. 
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5. Present vaccination statistics and preparedness against the 
current emergence of the MPXV 

The recent outbreak of the MPX has created an alert in different 
countries. Although, the emergence of the virus occurred during the last 
phase of the COVID-19 pandemic. Some countries have started vacci
nation drives to fight against MPX. However, if we analyze, we can 
observe two significant developments. First is the rollout of the MPX 
vaccine in some countries where the suspected individuals or high-risk 
groups have been vaccinated. Secondly, some countries have acted 
quickly and firmly to fight against diseases. In the USA, MPX vaccines 
have been rolled out. It was noted that about 684,980 doses of vaccines 
were administrated as of September 20, 2022 to suspected individuals. 
An age-wise MPX vaccination information has been collected from 
USCDC and plotted (Fig. 4). We found that very high vaccine doses were 
administered in the 18–65+ age group compared to the 0–17 age group. 
Among the 18–65+ age group, more vaccines were administered among 
25–39 old individuals (Fig. 4a and 4b). At the same time, several 
countries in Europe are preparing to fight against the disease. The 
countries have ordered several vaccine dosages as preparedness to fight 

against MPX. Contract manufacturing is one vaccine manufacturing 
strategy. Several countries are using contract manufacturing for MPXV 
manufacturing. The countries from European Union and others are using 
the contract manufacturing order to Bavarian Nordic. The Bavarian 
Nordic, an MPXV/smallpox manufacturing company, can develop 
JYNNEOS /IMVAMUNE / IMVANEX. According to a report, the com
pany produced several MPXV vaccine doses for different countries 
which are as follows 750,000 doses for Canada, 450,000 doses for 
Australia, 250,000 doses for France, 240,000 doses for Germany, 
154,000doses the UK, and 10,000 doses for Israel [35]. At the same time, 
we have also found from the clinical trial database (clinicaltrial.gov) 
that several clinical trials have been initiated using smallpox vaccines to 
understand the safety and efficiency against the MPXV (Table 2). 

6. Conclusion 

After 42 years of eradication of smallpox, the fight has again begun 
for the eradication of the MPX. The recent spread of MPXV informs us 
that this disease is no longer rare. Now rigorous studies are needed to 
focus on epidemiology and transmission patterns. At the same time, 

Fig. 4. The statistical regression plot shows the present vaccine doses administered, by age of MPX vaccine (JYNNEOS Vaccine) in the USA. In the USA, MPX vaccines 
have been rolled out, and the number of rolled-out vaccines (age-wise) has been plotted. (a) The figure shows the vaccine doses administered in the 0–17 age group 
(b) The figure shows the vaccine doses administered in the 18–65+ age group. The data is represented up to September 20, 2022, and the information is adapted from 
CDC, USA. The plots have been depicted using the first vaccine administrated dosage. 

Table 2 
List of clinical trials initiated using smallpox vaccines to understand the safety and efficiency against the MPXV. The data has been collected from clinicaltrial.gov.  

Sl. 
No. 

Vaccine name Clinical trials 
no. 

Status Sponsoring agency 
(Company/Institute 
name) 

Description of clinical trials Remarks     

IMVAMUNE 

NCT02977715 Phase 3 CDC, USA 
Ministry of Public Health, 
Democratic Republic of the 
Congo, 
Bavarian Nordic, Denmark 

It was aninterventional, open label 
trial of 1600 participants (healthcare 
personnel) 

Two doses of attenuated live virus vaccine 
received by adult individuals at risk for 
MPX in the Democratic Republic of the 
Congo  

IMVAMUNE NCT03745131 Completed Public Health England, 
Bavarian Nordic, Denmark 

It was an observational study of 120 
adult, older adult participants 
(healthcare personnel) 

It examine the Ab responses in studied 
groups associated to control groups for 
specific MXPV involved in the UK 
outbreak  

Treatment by 
scabs, blood and 
pus samples 

NCT05058898 _ Institut Pasteur, France It was an observational, case-Control 
study of 280 participants 

Treatment by scabs, blood and pus 
samples of MXPV confirmed individuals 
for biological diagnosis at Republic of the 
Congo  

Live Modified 
Vaccinia Virus 
Ankara 

NCT05522296 Recruiting Foundation Fight against 
AIDS and Infectious 
Diseases, Spain 

Observational, cohort study of 4638 
participants for target trial emulation 

Evaluate the protection of single dose (0.1 
mL) smallpox pre-exposure vaccination 
against the infection with risk factors for 
MPX.  

JYNNEOS NCT05512949 Phase 2 National Institute of 
Allergy and Infectious 
Diseases (NIAID), United 
States 

The interventional, randomized, 
open-label, non-placebo controlled 
clinical trial of 210 participants 

Access the reactogenicity of modified 
vaccinia ankara-bavariannordic (MVA- 
BN) vaccine followed the dose reduction 
strategies  

C. Chakraborty et al.                                                                                                                                                                                                                           

http://clinicaltrial.gov
http://clinicaltrial.gov


International Immunopharmacology 113 (2022) 109346

6

more studies are needed to unfold the zoonotic hosts of this virus [36]. It 
has been noted that the infection of the CB clade has increased from 
2010 to 2019 [37]. We need to understand which clade is infecting more 
during the current spread of infections. At the same time, it is also 
necessary to understand the epidemiological pattern of the virus. Several 
researchers have tried to analyze the case studies of a recent outbreak 
pattern in Italy [38], Australia [39], the UK [40], and Portugal [41]. 
However, we need a clear understanding of the epidemiological pattern 
of this virus. We have noted that the epidemiological pattern, especially 
the virulence pattern of human MPX, has variable data in various 
available reports [3,11]. 

We need to develop quick vaccination strategies to fight against the 
virus. In this direction, our report might be helpful to scientists, ordinary 
people, and policymakers to understand the vaccine and vaccination 
status against MPX. However, it is necessary to vaccinate people quickly 
to fight against the disease. We need to identify high-risk individuals 
before they are vaccinated. Therefore, pregnant women, children, and 
elderly adults should be considered before vaccination. However, sci
entists have suggested quick contact tracing, and ring vaccination to 
stop the virus’s spread [42–45]. We urge scientists and policymakers to 
assemble together to form the proper strategies to contain the recent 
spread of the virus. 
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