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ARTICLE INFO ABSTRACT

Keywords: Introduction: A monkeypox outbreak is spreading in territories where the virus is not generally prevalent. The

Monkeypox rapid and sudden emergence of monkeypox in numerous nations at the same time means that unreported

g‘{?reék transmission may have persisted. The number of reported cases is on a constant increase worldwide. At least 20
pidemic

non-African countries, like Canada, Portugal, Spain, and the United Kingdom, have reported more than 57662 as
of September 9th suspected or confirmed cases. This is the largest epidemic seen outside of Africa. Scientists are
struggling to determine the responsible genes for the higher virulence and transmissibility of the virus. Because
the viruses are related, several countries have begun acquiring smallpox vaccinations, which are believed to be
very effective against monkeypox.

Methods: Bibliographic databases and web-search engines were used to retrieve studies that assessed monkeypox
basic biology, life cycle, and transmission. Data were evaluated and used to explain the therapeutics that are
under use or have potential. Finally, here is a comparison between how vaccines are being made now and how
they were made in the past to stop the spread of new viruses.

Conclusions: Available vaccines are believed to be effective if administered within four days of viral exposure, as
the virus has a long incubation period. As the virus is zoonotic, there is still a great deal of concern about the viral
genetic shift and the risk of spreading to humans. This review will discuss the virus’s biology and how dangerous
it is. It will also look at how it spreads, what vaccines and treatments are available, and what technologies could
be used to make vaccines quickly using mRNA technologies.

Infectious pathogens
Outbreak investigation
Transmission

1. Introduction

Monkeypox is a zoonotic virus that transmits from animal to human
and vice versa. The virus belongs to the orthopoxvirus genus and the
Poxviridae family with a dsDNA genome. The viral family is among the
most diverse but also geographically distributed viral families. The
double strands of nucleic acid are connected by palindromic hairpin
termini, which replicate and multiply in the cytoplasm of host cells
without the help of the cell nucleus [1,2]. However, studies in which the
host cell nucleus was removed or inactivated, showed that the cell
cytoplasm alone was insufficient to support viral replication [3,4].

The Poxviridae family is split into two subfamilies according to their
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definitive animal hosts: Entomopoxvirinae and Chordopoxvirinae. The
Chordopoxvirinae subgroup infects vertebrates and therefore is orga-
nized into 18 genera, encompassing Capripoxvirus, Cervidpoxvirus, Avi-
poxvirus, Molluscipoxvirus, ~Orthopoxvirus (OPV), Leporipoxvirus,
Suipoxvirus, Yatapoxvirus, and Parapoxvirus, while the Entomopoxviriane
subset infects invertebrates and is, therefore, is split into 4 genera
Alphaentomopoxvirus, Betaentomopoxvirus, Deltaentomopoxvirus, and
Gammaentomopoxvirus [5]. The subfamilies of Poxviridae were classified
under genera based on common antigenic homology, activation of
serological cross-tolerance, and phylogenetic clustering [6].

Since poxviruses have been documented in mammals, reptiles, birds,
and insects, these are also referred to as primordial (ancient) viruses. It is
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suggested that such viruses created visible “pox” well before the diver-
gence of vertebrates and invertebrates. Once examined by electron mi-
croscopy, the poxviruses exhibit brick-shaped or oval geometries that
span 150-300 nm in diameter [7]. The virion genome is linear in shape
and includes a significant set of genes. The center portion of the genome
contains all the essential viral proteins and a core set of genes shared by
all poxviruses. Species-specific genes, on the other hand, which are
required for host invasion and viral pathogenicity, are placed near the
termini [8]. The poxviridae family consists of a variety of historically
significant viruses, including the variola virus, which was the etiological
agent of smallpox, one of the most lethal human infectious diseases in
existence [9]. The first vaccination variant strain to protect against
variola is presumed to have been from the cowpox virus, even though
the actual sources of the primary smallpox vaccine virus remain un-
known. The poxvirus Vaccinia viruses, which are directly related to
variola, have been used to vaccine human populations, leading to the
global eradication of smallpox and leading to the establishment of the
discipline of vaccinology [10,11].

Poxvirus genomes vary considerably in length, ranging from 135 kbp
to more than 300 kbp in size. It might be ovoid (round) or brick-shaped
but is architecturally comparable from one poxvirus to another. The
arrangement of the poxvirus genome sequence is extremely well pre-
served (Venkataraman et al., 2018). Palindromic hairpins covalently
bind the ends of the linear double-stranded DNA molecule. Situated next
to hairpins are highly conserved concatemeric resolution sequence re-
gions that are important in the replication of concatemeric viral genomic
sequences, which are then split into the right component portions of the
genome. Poxvirus genome termini are duplicated and inverted to form
terminal inverted repeat (TIR) structures. Poxviruses are very different
in how long they are and how they are put together. Orthopoxviruses,
like variola viruses, have many hundreds of nucleotides and don’t have
any TIR open reading frames (ORFs), while leporipoxviruses have even
more than 10 kbp and have duplicate copies of a dozen putative ORFs
[12,13]. The poxvirus genetic code is constructed in such a way that
genes encoding key conserved viral functionalities, including such
transcription, may be identified. The core part of the genome contains
structural architectural components for nucleotide synthesis and repli-
cation factors. Computational bioinformatics-based investigations have
found a core gene cluster comprising 90 genes that are highly conserved
in all members of the Chordopoxvirinae subfamily within this approxi-
mately 100 kbp central domain of the genome [14,15]. It has been re-
ported that the Entomopoxviruses subfamily contains only 45 genes in
this group. There is not a single gene of poxvirus that maps outside the
central core that is present in all members [16].

1.1. Poxviridae viral family

The structure of monkeypox virus (MPXV), like that of other ortho-
poxviruses, displays that virions are brick-shaped (ovoid) particles with
a size range between 200 and 250 nm, capsid encompassed by a spatially
perforated lipoprotein outer membrane (envelope) [17]. The virus has
distinct surface tubules as well as a dumbbell-shaped core component, as
shown in Fig. 1. The monkeypox virus is antigenically linked to the
variola and vaccinia viruses [18]. The virion envelope protects the
capsid and the tightly packed nucleic acid core that contains enzymes, a
double-stranded DNA genome, and transcription factors. The core is
described as biconcave because of an electron microscopy fixation
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artifact, and it has a lateral body along both sides of the genetic material.
Housekeeping genes are highly conserved across OPVs and thus are
found in the core genomic sequence, whereas virus-host-interacting
genes are less conserved and localized in the termini section [19].
Monkeypox viruses were first identified in 1959 as a spontaneous
outbreak of a pox-like infection of fever and rash in primates confined to
a research center in Copenhagen, Denmark [20]. On September 1, 1970,
a nine-month-old boy was hospitalized with smallpox-like symptoms at
Basankusu Hospital in the Democratic Republic of the Congo as the first
human MPXV case in medical history [21]. Between October 1970 and
May 1971, six instances of human MPXV were confirmed in Liberia,
Nigeria, and Sierra Leone. Between 1971 and 1978, 10 MPXV cases were
confirmed in Nigeria as well [22]. Thousands of human cases of mon-
keypox have been reported in 15 different countries ever since,
including 11 of them occurring in Africa. Monkeypox was transported to
the UK, the US, and Singapore [23].

2. Monkeypox virus infection biology
2.1. Epidemiology of monkeypox

The epidemiology of monkeypox is much more complicated than
that of other viruses. The zoonotic virus, with two genetically different
viral lineages, has been reported, each with distinct and distinct clinical
and epidemiologic criteria. The reported monkeypox transmission of
human cases in 1970, in African countries from human to human, has
been less common than smallpox spreading cases. The incidence of
secondary infection in unvaccinated monkeypox instances was reported
to be 9.3%, compared to 37-88% for smallpox. Consequently, most cases
were obtained via presumed livestock encounters; only 28% of cases
were traced to person-to-person transmission. Unvaccinated people had
a case-fatality rate of around 10%, with children under the age of 5
accounting for the bulk of mortalities and with the most severe illness
presentations [2,24]. Serosurveys revealed that up to 28% of reported
cases are due to close contact with monkeypox-infected individuals in
some groups who had an asymptomatic infection; such a surprisingly
low prevalence might contribute to the scarcity of persistent generations
of human-to-human transmission in households and other close-contact
contexts [25,26]. Genomic assessments of West and Central African viral
strains uncovered a group of potential genes that may be associated with
clade virulence differentiation. Such open reading frames are believed to
be associated with the viral replication cycle, host species range, im-
mune evasion variations, or virulence factors associated with viral
pathogenicity [27,28].

As of May 2022, multination’s geographically separated reported an
outbreak of monkeypox cases affecting the United Kingdom (UK), and
North America. 38 confirmed cases had been reported worldwide, and
37 cases had no history of travel to endemic countries. The UK Health
Security Agency confirmed a familial cluster involving two cases of
monkeypox in the UK on 14 May 2022. These occurrences have nothing
to do with travel-related exposure to any individuals traveling from
Nigeria. From the start of the outbreak to June 10th, the number of
confirmed cases has increased and been reported as shown in Fig. 2 [29].
Most of the cases identified at the time of writing this review were re-
ported in young people with same-sex sexual partners, and none of the
cases had a recent travel history to the endemic area. The clinical
manifestation of the infection appeared as lesions on the genitalia
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Fig. 1. Schematic illustration of monkeypox virion showing its unique structural arrangement and its transcription process.
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Global Monkeypox Outbreak Between May-06 and Sept-09/2022
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Fig. 3. The life cycle of a poxvirus is depicted sche-
matically. The viral capsid is discharged after the
virion fuses with the host cell membrane. When a
virion adheres to and fuses with a cell membrane, the
viral particle is released into the host cell’s cytoplasm.
Transcription is set in motion by enzymes and sub-
stances transported by the nucleus itself. Most viruses
get encapsulated in the scab’s protein matrix after
remaining in the cytoplasm as intracellular mature
virions. The remaining virions migrate to the host cell
membrane, where they adhere and take on a new
envelope, becoming known as intracellular enveloped
virions. The virus spreads from cell to cell via envel-
oped virions attached to cell surfaces, whereas
enveloped virions (EEVs) released from infected cells
might contribute to the virus’s systemic
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indicating transmission occurs during close sexual contact [30]. The
monkeypox virus is regarded to be moderately transmissible between
people, and it can be spread by aerosol droplets and/or direct contact
with infected lesions [31]. Viral acquisition across sexual encounters by

physical contact with infected skin lesions during intercourse appeared
as being the most common method of spread among same-gender sex
partners [32]. Given the very particular intensity of human-to-human
transmission seen in this outbreak, as well as the likely community
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transmission without a history of travel to endemic regions, the chance
of future viral dissemination by intimate contacts, such as during sexual
activities, is deemed high [33]. Transmission between persons without
intimate touch is thought to be unlikely or very low. In Nigeria, the West
African lineage, which has so far been identified in confirmed cases in
Europe, has a case fatality rate of roughly 3.3% [34] (see Fig. 3).

3. Clinical manifestations

The clinical manifestation of the viral infection appears on the skin as
distinctive rashes and fever. When the virus and the disease are still
prevalent, an asymptomatic incubation period of 10-14 days is accom-
panied by a fever that promptly escalates to 38°~40 °C, occasionally
associated with cutaneous dermal petechia. Headaches, backaches,
nausea, vomiting, and prostration were among the related clinical
manifestations. A widespread systemic rash with a distinct centrifugal
pattern (i.e., higher lesions just in the oral mucosal cavity, face, and
extremities than in the body) emerged a day or two after contracting the
infection. A prodrome of fever, headaches, backaches, fatigue, and
weariness develops after an incubation period of 7-17 days (with a mean
of 12 days). As the rash appears, the fever usually abates. The eruption of
the cutaneous lesion progresses similarly to smallpox infection. Lesions
may progress from macules, papules, and vesicles to pustules in any
region of the body and eventually develop into a crust and scar. After
remission of the rash, hypopigmentation of the scarred lesions is
accompanied by hyperpigmentation of the scarred regions. Clinically,
severe cervical, postauricular, submandibular, and inguinal lymphade-
nopathy differentiates monkeypox from smallpox.

4. Viral transmission or virus life cycle

One of the most extensively researched members of the Ortho-
poxvirus genus of the Poxviridae is the Vaccinia virus, which is closely
linked to variola and monkeypox viruses. Viruses have a substantial
genome of approximately 200,000 bp, a cytoplasmic replication locus
that is highly regulated for early, intermediate, and late expression
levels of viral genes, and a complicated assembly mechanism that re-
quires numerous viral membrane proteins [35,36]. Poxvirus virions
contain approximately 200 genes and an intricate life cycle. Replication
occurs in the host cell’s cytoplasm after entry, encoding its replication
machinery, including transcription factors, as shown in Fig. 2. Cho and
Wenner (1973) say that studying viral replication cycles could help us
learn a lot about the molecular biology of new viruses and find new drug
targets. The viral cell cycle starts with the binding of the surface receptor
and enters the host cell with the release of the viral nucleocapsid (cores)
in the cellular cytoplasm. Cellular binding to the surface has not been
well studied or documented in the viral family. A17L-specific antibody
restricts viral entry, and a second intracellular mature viral protein,
myristoylated transmembrane protein (L1R; 250 residues essential for
viral maturation), has also been shown to become a target of neutral-
izing antibodies [37]. Only immunization with the B5R or A33R genes,
two of the six proteins identified specifically for the EEV outer envelope
of the EEV, was demonstrated to be preventative in an animal model and
resulted in the development of neutralizing antibodies [17]. The viral
cores unravel, and initial gene expression proceeds with the help of
component proteins contained within the virion. Viral cores enter the
cytoplasm after virus particles adhere to the cell membrane in an un-
defined mechanism that is not always fusion-mediated, as newly deliv-
ered viral cores have also been shown to preserve transmembrane
features at least spontaneously. Uncoating exposes the viral DNA
genome within viral cores to deoxyribonuclease that is mediated by viral
function.

The expression of early genes results in the formation of intermediate
gene transcriptional regulatory factors and the start of viral DNA syn-
thesis. Intermediate transcription factors comprise a group of late
transcription factors that induce late transcription. Mature protein
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molecules and enzymes are essential for virion production and assem-
bly, particularly in electron-rich parts of the cytoplasm, including for
recruiting earlier transcription factors designated to be packed into
developing virions [38]. Newly emerging genomic DNA is organized
into unit-length genomes and packed into immature virions in the form
of very large concatemeric precursors. Proteolytic processes promote the
development of immature components in IMVs, and a fraction of them
go through a subsequent envelope in which more glycoproteins are ac-
quired. Most mature intracellular virions are released by lysis of the host
cell [21]. Most mature internalized virions develop extra membranes
before exiting via the host cell membrane. They could stay on the surface
of the cell or depart like an extracellular-enveloped virus. Fragmentation
of the outer membrane, which can be caused by mechanical stress or by
parts of the host’s complement system, can also cause mature intracel-
lular virions to leak out of the cell [39].

5. Treatment

Currently, the US FDA provides regulatory oversight to the use of
vaccines/therapeutics previously tested for the treatment of monkeypox
infection. However, there are three antivirals (i.e., Tecovirimat, Cido-
fovir, and Brincidofovir) that are expected to be effective based on in
vivo and animal module investigations. Tecovirimat and Brincidofovir
have been approved by the US FDA for the treatment of smallpox and are
expected to be effective against monkeypox, as they are genetically
closely related [40]. The FDA approved these two antivirals based on
studies that didn’t involve people. This is because it’s not ethical to make
a person sick with variola (this is called the “Animal modules™). Their
applications were granted fast track, priority review, and orphan drug
designation by the FDA. Cidofovir, on the other hand, is only licensed to
treat cytomegalovirus retinitis in patients with AIDS.

5.1. Tecovirimat

Tecovirimat (previously known as ST-246) is an antiviral that in-
hibits P37 protein, which is highly conserved and present in all Ortho-
poxviruses (e.g., smallpox, cowpox vaccinia, ectromelia, rabbitpox, and
monkeypox) [41]. P37 protein interacts with components of late
endosome-derived transport vesicles (i.e., Rab9, GTPase, and TIP47).
This interaction results in the formation of the virus-specific wrapping
complex for enveloped virions [41,42]. Therefore, P37 is responsible for
the virulence through the formation and egress of enveloped virions.
This makes Tecovirimat effective in treating orthopoxviruses [41].

In 2018, oral Tecovirimat was the first drug approved by the US FDA
to treat smallpox [43,44], and Health Canada approved it for the same
indication in December 2021 [45]. A month later (January 20,22),
Tecovirimat received approval from the European Medicines Agency
(EMA) to treat smallpox, monkeypox, cowpox, and severe adverse re-
actions resulting from vaccination with the vaccinia virus [46]. On 19
May 2022, the US FDA approved the intravenous (IV) formulation of
Tecovirimat as an alternative for smallpox patients who cannot swallow
the oral capsules of Tecovirimat. However, the US FDA has not yet
approved Tecovirimat for monkeypox treatment [47]. A recent retro-
spective observational study reported that a monkeypox patient who
received Oral Tecovirimat 600 mg twice daily had a shorter duration of
viral shedding, hospitalization, and illness compared to patients who
received Brincidofovir or received no antiviral therapy [48].

5.2. Cidofovir

Cidofovir (1-[(S)-3-hydroxy-2-(phosphonomethoxy)-propyl]cytosine
dihydrate) is an acyclic nucleoside monophosphate and analogue cyto-
sine [49]. It is phosphorylated twice intracellularly to its active form,
Cidofovir diphosphate [50]. Cidofovir diphosphate competes with
cytosine, resulting in the termination of the DNA chain and inhibiting
the synthesis of DNA in viruses. Cidofovir was approved by the FDA in
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1996 to treat cytomegalovirus retinitis in patients with AIDS [51].
However, in vitro studies showed that Cidofovir is effective in a wide
range of dsDNA viruses such as herpes viruses, iridovirus, papilloma,
polyoma, hepadnavirus pox, and adenoviruses in cell culture [52-54].

Cidofovir’s efficacy to treat monkeypox virus using different routes
of administration were investigated in animal models [55]. Intraperi-
toneal administration of Cidofovir in monkeys starting one day after
infection was found to be effective in reducing the number of mon-
keypox lesions and reducing mortality [56]. Similarly, the intravenous
administration of Cidofovir in monkeys before the infection was found
to be protective against signs of illness and virus replication [57].
Moreover, animal model studies found that monkeypox virus treatment
with Cidofovir was more effective in reducing mortality when compared
to smallpox vaccination following lethal intratracheal monkeypox virus
infection [57]. Furthermore, the co-administration of the Cidofovir and
smallpox vaccine in infected monkeys was found to reduce the side ef-
fects associated with the vaccine, in addition to reducing vaccine im-
munity against the monkeypox virus [58]. Evidence from animal model
studies suggests that Cidofovir could be an effective therapy for pre- and
post-exposure to monkeypox virus infections in humans; however, there
is no clinical evidence to support this claim [59,60]. Moreover, the use
of Cidofovir is limited due to its nephrotoxicity which can manifest as
Fanconi-type syndrome with proximal tubular injury and renal failure.
Therefore, it needs to be administered with probenecid and intravenous
saline hydration to minimize the risk of kidney damage [61].

5.3. Brincidofovir

Brincidofovir (hexadecyloxypropyl-cidofovir) is a lipid conjugate
prodrug for Cidofovir that has enhanced cellular uptake and superior
conversion to the active form (that is, Cidofovir diphosphate) by intra-
cellular enzymes [62]. Brincidofovir is also superior to Cidofovir in
terms of renal safety profile and oral bioavailability [40,63]. It has been
approved by the US FDA to treat smallpox; however, animal studies
suggest it can be effective to treat other orthopoxvirus infections (e.g.,
monkeypox and cowpox) in humans [40,64]. Crump et al. suggested
that treatment with Brincidofovir should be initiated as soon as the
following exposure to monkeypox virus as Brincidofovir efficacy de-
creases when the virus load increases [65]. While in vitro and animal
studies suggested promising results for Brincidofovir against mon-
keypox, a recent report from the UK reported that Brincidofovir has no
evidence of any clinical benefit when used in three patients infected with
monkeypox. In addition, liver enzymes were elevated in the three pa-
tients who received Brincidofovir, resulting in precautionary decisions
to stop therapy [66].

6. Vaccination
6.1. Traditional vaccine

Monkeypox virus is antigenically related to the variola and vaccinia
viruses which cause smallpox. The genomes of the monkeypox and
variola viruses are approximately 96% identical in the central regions
[67]. Based on that, smallpox vaccines could be used to protect people
from acquiring monkeypox. Data from Africa shows that the smallpox
vaccine is at least 85% effective in preventing monkeypox [30]. The
availability of a highly effective and inexpensive live vaccine derived
from the closely related vaccinia virus contributed to eradicating
smallpox by the international community under the support of the
World Health Organization [68,69]. Following smallpox eradication,
vaccination was discontinued throughout the world, resulting in a
growing population that is completely unprotected from the variola
virus as well as related orthopoxviruses. Therefore, the cessation of
smallpox vaccination appears to have increased the vulnerability of
humans to severe monkeypox. Approximately 70% of the world’s pop-
ulation is no longer protected against smallpox, and through
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cross-immunity, to closely related orthodox viruses such as monkeypox
[30]. In some countries, young non-vaccinated individuals exceed 75%
of the population. These individuals are almost certainly susceptible to
monkeypox virus infection [70]. People vaccinated before 1980 had a
five-fold lower risk of monkeypox corresponding to those who had not
been vaccinated [71].

The smallpox vaccine is not currently available to the public. How-
ever, for specific populations at high risk of vocational vulnerability to
orthopoxviruses, Advisory Committee on Immunization Practices
(ACIP) advises routine vaccination against the disease. Therefore, the
Centers for Disease Control and Prevention (CDC) provide smallpox
vaccines to these recommended individuals as needed. Dryvax was a live
virus smallpox vaccine used for smallpox eradication efforts and pro-
vided successful immunogenicity in approximately 95% of vaccinated
people. After world health authorities announced that smallpox had
been eradicated, Wyeth stopped making the vaccine in 1980. A stockpile
of Dryvax was kept by the U.S. Centers for Disease Control and Pre-
vention (CDC) for use in case of emergency and helped contain an
outbreak of monkeypox in the United States in 2003. However, its
supply was replaced by ACAM2000, a more modern product manufac-
tured by Sanofi Pasteur.

ACAM2000 is a replication-competent vaccine FDA-licensed for
active immunization against smallpox disease in persons defined to be at
high risk for smallpox infection. ACAM2000 does not contain the variola
virus, but it contains the live vaccinia virus, which belongs to the
poxvirus family, the genus Orthopoxvirus. ACAM2000 is administered
as a single dose by the percutaneous route (scarification) using 15 jabs of
a bifurcated needle. ACIP guidance recommends in 2015 routine
vaccination of laboratory personnel who directly handle cell cultures or
animals infected with other orthopoxviruses, including monkeypox.
Therefore, ACAM2000 can be used in people exposed to monkeypox if
used under new drug protocols. The Aventis Pasteur Smallpox Vaccine
(APSV) is another replication-competent vaccinia virus vaccine avail-
able for use in circumstances where ACAM2000 is depleted, not readily
available, or on a case-by-case basis where ACAM2000 is
contraindicated.

A vaccine, JYNNEOS (also known as Imvamune or Imvanex), has
been approved in the United States to prevent monkeypox and smallpox
[72]. JYNNEOS can cross-react and generate immune protection against
monkeypox, therefore it is believed that vaccination after a monkeypox
exposure may help prevent the disease or make it less severe. Unlike
ACAM2000 and APSV, JYNNEOS is an attenuated live virus vaccine [73,
74]. It has a safer profile and could be given to people without needing
detailed health screening which led the FDA to approve it for the general
population. In November 2021, the U.S. CDC’s vaccine committee voted
in favor of JYNNEOS as an alternative to ACAM2000 for primary
vaccination. JYNNEOS is administered subcutaneously as two doses
separated by 4 weeks (one dose at week 0 and a second dose at week 4)
for primary vaccines. People who had previously been vaccinated
against smallpox obtained only one dose. The modified JYNNEOS vac-
cine is licensed as a third-generation vaccine against smallpox. The new
vaccine, based on modified attenuated vaccinia virus (Ankara strain),
was approved for the prevention of monkeypox in 2019 in adults 18
years of age and older determined to be at high risk for monkeypox
infection. This is the only currently approved vaccine for the prevention
of monkeypox disease [75].

It was noticed during monkeypox episodes that patients with less
severe illnesses had been vaccinated with the smallpox vaccine [76].
Second-generation smallpox vaccines have been shown to protect
against monkeypox [77]. In many cases, smallpox vaccines were offered
to people who had close contact with human monkeypox cases [78,79].
Secondary transmission is known to have occurred. The U.S. recently
distributed 1200 doses of the Jynneos vaccine from its national stockpile
across the U.S. for people who have had high-risk exposures to mon-
keypox. Britain also offers a smallpox vaccine to some healthcare
workers and others who may have been exposed, as a handful more cases
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were confirmed in parts of Europe.

While smallpox vaccination shows immunity against the monkeypox
virus, it is reasonable to assume the differences between monkeypox and
vaccinia viruses. Proteins that are expressed in monkeypox but not in the
vaccinia virus may represent subunits for future vaccines against mon-
keypox. For instance, it was shown that few proteins are present in the
monkeypox virus but are fragmented in the vaccinia strain. This includes
COP-B19R (IFN-a/p binding protein), BR-05/BR-226 (TNF binding
protein), and BR-207 (apoptosis protein) [80]. It is not clear whether the
immune response to the fragment expressed by the vaccinia virus leads
to a comparable protective response. Determining the contribution of
the individual genes to virulence and genes encoding fragments of
proteins with known functions needs more research.

6.2. mRNA-based vaccines

The use of conventional vaccines is a successful approach against
various diseases, with many types of vaccines currently available on the
market. However, the development of these traditional vaccines might
be difficult against certain infectious pathogens, especially those with
adaptive immune responses [81]. In addition, in pandemic situations
and with the rapid spread of new viral infections, the rapid and
large-scale development of these conventional vaccines is not a
straightforward option. This is because the development of these types
of vaccines could take a long time and requires special types of pro-
duction instruments. Nucleic acid-based vaccinations are a newer
alternative to conventional vaccines used today. It’s based on delivering
nucleic acids, such as mRNA molecules that encode a viral protein. The
translation of the mRNA that is given will drive the immune response of
the host and cause it to make antibodies to fight off viral infection.

The first successful report for in vivo application of mRNA molecules
was published in 1990 when mRNA molecules were introduced into
mice and the translated protein was observed [82]. In 1992, mRNA
molecules encoding vasopressin in rats’ hypothalamus caused physio-
logical reactions [83]. After these publications, extensive research was
done to create nucleic acid vaccines against numerous diseases. This is
because nucleic acid vaccines are a promising alternative to traditional
immunizations. These mRNA vaccines can alter disease treatment and
prevention. Since mRNA vaccines encode a single protein, they are
powerful and specific. The development of novel mRNA manufacturing
technologies can help produce these molecules at minimal cost. This has
led to a lot of preclinical studies and massive amounts of data
throughout the years. Vaccinating with mRNA offers various advantages
over using a dead or weakened virus. mRNA molecules have no risk of
infection, unlike traditional immunizations [84]. The mRNA molecules
will break down regularly after translation into the encoded protein, and
their half-life can be varied dependent on the manner of administration
and kind of alteration [85]. mRNA molecules are effective and special-
ized because they encode specific proteins. Among nucleic acids, mRNA
is the least immunogenic genetic vector, allowing multiple vaccinations
[86]. Finally, large-scale production of mRNA vaccines is rapid and
inexpensive and can easily be produced on an industrial scale. However,
the application of nucleic acid vaccines and, especially mRNA-based
types of vaccines, is hampered by some limitations. These are mainly
related to the instability of the mRNA molecules, their rapid elimination
from the body as a result of the rapid clearance by the nucleus enzymes,
and their low level of cellular uptake because of their high negative
charge [87].

Recent advances in nanotechnology and drug delivery have largely
overcome most of the barriers to the development of nucleic acid vac-
cines, as evidenced by several results for research-based multiple mRNA-
based vaccines against various types of infections in both animal and
human models [88]. In its most basic form, nanotechnology drug de-
livery uses a nanocarrier to carry, protect, and deliver therapeutic or
vaccination ingredients to target tissues. The nanocarrier is used in the
development of mRNA vaccines to protect the loaded mRNA from
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nucleases and prevent early elimination, deliver these mRNA molecules
to their target tissues, and facilitate the uptake and delivery of the
loaded mRNA vaccines into the cytoplasm of target cells where they will
be translated into the target protein [89,90].

mRNA vaccines against COVID-19 are based on the use of a specific
type of nanocarrier to deliver mRNA molecules that encode the viral
spike protein of the virus [93,94]. This protein is used by the virus to
enter human cells and induce infection. However, the spike protein itself
is non-toxic and will not induce any infection agents [95].

Based on the advanced technologies in the development of nano-
carriers and the urgent need for the rapid development of effective
vaccines, it took only 66 days after the spread of the pandemic to start
the first phase I clinical trial of the anti-COVID-19 vaccine in the United
States [97]. This trial was based on the delivery of LNPs that encapsulate
mRNA molecules that encode the viral spike protein. This led to prom-
ising results and the start of further clinical trials, which will continue
until the urgent approval of two mRNA-based vaccines against
COVID-19 at the end of 2020 [98]. This was considered the first vaccine
in history that was developed in a very short period. This very fast
development of vaccines means that in the spread of infections, effective
mRNA vaccines will be the best option. Several years ago, mRNA-based
vaccines were thought to be difficult or even impossible, but the spread
of COVID-19 forced pharmaceutical companies and researchers to ach-
ieve significant achievements in this area [99]. In addition, the spread of
COVID-19 was accompanied by the continuous development of various
mutations of the virus, and some of these mutations made the virus more
aggressive and highly contagious. However, the two approved mRNA
vaccines remain effective against these mutations and were able to
successfully limit the level of viral spread and/or the intensity of the
infection [100]. Similarly to COVID-19, the development of conven-
tional vaccines based on dead or live attenuated viruses would take a
long time and might be effective with multiple side effects [102].
However, based on the acquired experience in the development of
mRNA-based vaccines, this might be the best option to combat the
increasing spread of the monkeypox virus. In this sense, the same steps
that have been taken in the development of the COVID-19 vaccine can be
applied here. This will start by determining the exact mRNA sequence of
the virus and the surface proteins present in the virus. Studying the exact
structure of the virus and the key surface components that help it invade
human cells will be the key to the development of mRNA vaccines. With
the knowledge of these components, mRNA molecules can be con-
structed and synthesized to encode these proteins [91].

Anti-COVID mRNA vaccines were based on using LNP to deliver
mRNA molecules against the viral spike protein and since these LNP
were effective in protecting and delivering the loaded mRNA in the case
of CORONA virus, the same LNP could be used in the case of monkeypox
viral vaccines but with different mRNA, cargos to induce the immune
system against the monkeypox infection. This will be The anti-COVID
mRNA vaccines were based on using LNP to deliver mRNA molecules
against the viral spike protein. Since these LNP were effective in pro-
tecting and delivering the loaded mRNA in the case of the CORONA
virus, the same LNP could be used in the case of monkeypox viral vac-
cines but with different mRNA cargos to induce the immune system
against the monkeypox infection. This will be owing to the feasibility of
nanotechnology to deliver different types of molecules using the same
carrier [103,104].

In the case of monkeypox viral spread, the development of mRNA
vaccines would be easier and based solely on the experience gained by
the COVID-9 mRNA vaccines and all the lessons learned from that
pandemic to avoid the possibility of exposing the world to another life-
threatening viral spread and all the other health and socio-economical
consequences [105]. The US FDA has only approved one vaccine so
far: Modified Vaccinia Ankara-Bavarian Nordic. However, the
ACAM2000® smallpox vaccine and the investigational Aventis Pasteur
smallpox vaccine will be available in case of an outbreak of monkeypox.
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6.3. Modified Vaccinia Ankara-Bavarian Nordic (MVA-BN) vaccine

Smallpox has been eradicated since 1980 post the global vaccination
using vaccinia virus-based vaccines (VACV) [66]. However, these vac-
cines were virulent and causes serious adverse reactions [106]. To
produce an attenuated safer small vaccine, Chorioallantois vaccinia
Virus Ankara (CVA) was successfully attenuated and renamed Modified
Vaccinia Ankara (MVA) [107]. Multiple MVA vectors have been inves-
tigated to produce several vaccines (e.g., MERS, and HIV). MVA-BN is a
live attenuated vaccine that effectively infects human cells that result in
transcription of the viral genes without releasing the virus from the cells.
MVA-BN cannot replicate in human cell lines which makes it less viru-
lent and safe for immunosuppressed patients [108]. In 2013, the
MVA-BN vaccine was approved for smallpox in Europe (Imvanex©) and
Canada (Imvamune®©) and in 2019, the US FDA approved the MVA-BN
vaccine for smallpox and monkeypox under the brand name (Jyn-
neos©) [107]. Currently, Jynneos is the only FDA-approved vaccine for
monkeypox in adults 18 years of age and older [44]. MVA-BN is
administered by injection subcutaneously and is generally
well-tolerated. Like other vaccines, it may cause injection site reactions
(eg, pain, redness, swelling) and mild systemic adverse reactions (e.g.,
nausea, headache, and chills) [109].

6.4. ACAM2000® vaccine

A live vaccinia virus was cloned from the oldest smallpox (Dryvax®)
consisting of a mixed pool of vaccinia viruses [110]. It was developed in
the 1990s in response to concerns from the US government about the
accidental or intentional (i.e. bioterrorism) release of smallpox [111].
The goal was to produce a vaccine from a single purified isolate of
vaccinia virus that has an efficacy similar to Dryvax® but with a better
safety profile. Also, Dryvax® was manufacturing followed an outdated
technique that posed a risk of contamination. ACAM2000® received US
FDA approval in 2007 and replaced Dryvax® in 2008 [111].
ACAM2000® has similar immunogenicity to Dryvax®, however, it may
cause serious adverse events (e.g., myocarditis, pericarditis, and en-
cephalitis) that warranted a black box warning and limited it is used in
the military and for those who are determined to be at high risk for small
box infection [110,112]. ACAM2000® has not been investigated or
licensed for use for monkeypox prevention, however, evidence suggests
that smallpox vaccines can be 85% effective in protecting against
monkeypox [112].

In the US, Biomedical Advanced Research and Development Au-
thority (BARDA) supported the development of the Jynneos® vaccine
and the Strategic National Stockpile (SNS) supported the development of
ACAM2000 [113]. The SNS has over 100 million doses of ACAM2000
and over 36,000 doses of Jynneos® that are immediately available in its
inventory. Moreover, BARDA has an agreement with the manufacturer
of Jynneos® to provide 16.4 million doses ready upon request from the
US government [113]. The SNS holds supply for Tecovirimat, Cidofovir,
and Vaccinia Immune Globulin Intravenous as treatment options for
monkeypox, and the CDC holds expanded access to Investigational New
Drug protocol to use these stockpiled medications and vaccines in case of
monkeypox outbreak [109,113]. The SNS has also stockpiled another
replication-competent vaccinia virus vaccine called Aventis Pasteur
Smallpox Vaccine (APSV). APSV is an investigational vaccine that could
potentially be available in a smallpox emergency under the Emergency
Use Authorization or Investigational New Drug protocol if currently
approved vaccines are depleted, not readily available, or contra-
indicated for subjects (case by case basis) [66,109].

7. Conclusions
While the world is still dealing with the COVID-19 pandemic, the

potential of another breakout raises some major concerns. Interestingly,
monkeys are not the primary reservoir for monkeypox viruses. The virus
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is presumed to thrive mainly in rodents such as rats and squirrels.
Whenever a person encounters an infected animal, individual, or
contaminated material, the monkeypox virus can be transmitted to and
between individuals. In addition to entering the body through broken
skin. The key to avoiding monkeypox, like with many contagious
pathogens, is to minimize your exposure to the pathogen. In addition,
Proper education on the handling of exposure to infectious wildlife, like
in places in which the wild game meat trade business is popular, can also
help to reduce viral transmission. Monkeypox has no treatment. Treat-
ment approaches are typically centered on relieving symptoms and
making patients as comfortable. However, several antiviral therapies
may be useful for monkeypox, and the CDC has approved their use in
suppressing the monkeypox epidemic. One medication, tecovirimat
(TPOXXTM), has been authorized for the treatment of smallpox in the
United States, Canada, and Europe from May 2022. It works by
distributing the development of mature, enveloped virions by inter-
fering with a viral protein (p37). The recent increase in monkeypox
cases has highlighted one major concern: Could monkeypox now have
the propensity and the capacity to become pandemic in disposition?
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