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Abstract Monkeypox is a viral zoonotic disease rarely found outside Africa. Monkeypox can
be spread from person to person through close contact with an infected person, and the rate
of transmission is not very high. In addition, monkeypox and variola virus are both pox viruses,
and the spread of monkeypox virus was also controlled to some extent by the smallpox
campaign, so monkeypox was not widely paid attention to. However, as smallpox vaccination
is phased out in various countries or regions, people’s resistance to orthopoxviruses is
decreasing, especially among people who have not been vaccinated against smallpox. This
has led to a significant increase in the frequency and geographical distribution of human mon-
keypox cases in recent years, and the monkeypox virus has become the orthopoxvirus that
poses the greatest threat to public health. Since the last large-scale monkeypox infection
was detected in 2022, the number of countries or territories affected has exceeded 100. Many
confirmed and suspected cases of monkeypox have been found in individuals who have not
travelled to affected areas, and the route of infection is not obvious, making this outbreak
of monkeypox a cause for concern globally. The purpose of this systematic review is to further
understand the pathophysiological and epidemiological characteristics of monkeypox, as well
as existing prevention and treatment methods, with a view to providing evidence for the con-
trol of monkeypox.
Copyright ª 2024, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
of Biochemistry and Molecular Biology, College of Life Science and Technology, Heilongjiang Bayi
9, China.
qq.com (C.-H. Jin).
as first authors.

2.006
ociety of Microbiology. Published by Elsevier Taiwan LLC. This is an open access article under the CC
mons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jinchenghao3727@qq.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmii.2023.12.006&domain=pdf
https://doi.org/10.1016/j.jmii.2023.12.006
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.sciencedirect.com/science/journal/16841182
http://www.e-jmii.com
https://doi.org/10.1016/j.jmii.2023.12.006
https://doi.org/10.1016/j.jmii.2023.12.006


Y.-H. Luo, T. Zhang, J.-L. Cao et al.
Introduction

The discovery of monkeypox

In 1958, an outbreak of an unidentified disease character-
ized by blisters on the skin occurred in a group of monkeys
in Africa. A new virus was analyzed from the body of the
infected monkeys and hence named monkeypox virus.1

Monkeypox virus is a deoxyribonucleic acid (DNA) virus of
the orthopoxvirus genus in the poxviridae family and is a
viral zoonotic disease. Subsequent studies have found that
monkeypox virus has a wide host range, including monkeys,
squirrels, prairie dogs, and Gambian mice. Based on the
indiscriminate nature of the virus, researchers speculated
that the main natural host of monkeypox virus may be
rodents.2

In 1970, the world’s first documented case of a human
infected with the monkeypox virus was diagnosed in a 9-
year-old child in the Democratic Republic of Congo who
developed symptoms similar to smallpox.3 After the small-
pox vaccine led to the eradication of smallpox virus, and
since different orthopoxviruses had similar genetic and
antigenic properties as smallpox, infection with any
orthopoxvirus could lead to the production antibodies that
may resist other orthopoxviruses.4 Therefore, human
infection with monkeypox virus was considered a rare, self-
limited disease that received little attention. However,
since the gradual cessation of smallpox vaccination in
various countries, the population’s resistance to various
orthopoxviruses has been diminished over time. This has
resulted in a significant increase in the frequency and
geographical distribution of human monkeypox cases in
recent years, and monkeypox virus has become the ortho-
poxvirus that poses the highest threat to public health.5
Pathophysiology of monkeypox

Monkeypox virus is an enveloped double-stranded DNA virus
with similar morphological characteristics to members of
the orthopoxvirus family. The genomes of monkeypox virus
includes a central conserved region as well as reverse ter-
minal repeats with tandem repeats, but virus-host inter-
action genes are relatively unconserved and localized in the
terminal portion. Monkeypox virus exists in two forms:
intracellular mature virus and extracellular envelope
virus.4 Monkeypox viruses can enter cells by attaching and
fusing. After the monkeypox virus fuses with the host cell
membrane, the mature virus is released from the infected
cell through lysis, while the enveloped virus leaves the host
cell through exocytosis. In other words, viruses transmit
from cell to cell by attaching particles to the cell surface,
while infected cells transmit throughout the body by
releasing virions.

The clinical presentation of monkeypox is similar to that
of the smallpox virus. The incubation period after infection
with monkeypox virus is approximately three to twenty
days, after which the patient begins to develop a series of
rash symptoms lasting approximately two to five weeks.6

There is not one specific symptom of monkeypox that
indicated the start of the disease. Patients usually have
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fever, headache, lethargy, swollen lymph nodes, weakness,
and muscle pain.7 Within one to five days of the onset of
fever, a rash of varying sizes begins to appear on the face,
which then spreads to the trunk, hands, feet and gradually
throughout the body. The rash goes through several stages
of development (from macules to papules to blister to
pustules) and gradually crusts over. However, these
different stages of the rash may appear concurrently during
the onset of symptoms. In addition, a monkeypox virus
infection may result in organ damage leading to eye lesions,
bronchopneumonia, skin lesions and, in rare cases, sepsis.4

Refer to Fig. 1 for a depiction of the progression viral
infection.

Epidemiology of monkeypox

Since the first human case of monkeypox was found in
Congo in 1970, the majority of cases have been reported in
Congo, Central Africa, and Nigeria.8 It was not until 2003
that monkeypox was identified in the United States, the
first case outside of Africa.9 Since 2018, monkeypox has
been detected in travelers from numerous countries
including Nigeria, Israel, the United Kingdom, and
Singapore.10 Congo reported more than 4000 cases of
monkeypox in humans in 2020 and more than 3000 cases in
2021.11 Cases were previously reported mainly in Africa,
but monkeypox cases have recently been reported in many
countries, and in many areas, for the first time.12 Since July
2022, monkeypox has re-emerged on a large scale and has
been classified as a public health emergency until
September, when the first imported case of monkeypox was
reported in Hong Kong, China. Since 2023, patients infected
with monkeypox have also been reported in Asia, including
Japan and Taiwan.13 In April 2023, monkeypox cases were
reported in South Korea, and the number of patients
infected with monkeypox continued to increase. It is
important to note that a number of people infected with
monkeypox have no history of travel to countries where
monkeypox is endemic.

The known transmission modes of monkeypox virus
include animal to human and human to human transmission
as detailed in Fig. 2. Primary animal-to-human disease oc-
curs when humans come into contact with the blood, bodily
fluids, skin or mucous membrane of an infected animal, or
are scratched or bitten by an infected animal.14 Eating
improperly cooked infected animals is also a risk factor.15

Human-to-human transmission occurs when humans come
into contact with the blood, bodily fluids, and contami-
nated materials of infected persons, which includes respi-
ratory droplets.16 In addition, monkeypox virus can be
transmitted through sex.17 Recent studies have shown that
monkeypox, unlike mutable RNA viruses such as HIV or
SARS-CoV-2, has a much more complex epidemiology than
other viruses.18 It is reported that the genome of the
monkeypox virus in the new outbreak differs by about 50
nucleotide sites from that of the common monkeypox virus
in Africa, and the mutation rate is greatly increased,
resulting in the gene evolution and deletion of the mon-
keypox virus in the human-to-human transmission of the
outbreak. These can be destabilizing factors that may
change the epidemiology of monkeypox virus.



Figure 1. Clinical symptoms, complications of monkeypox, and progression of monkeypox symptoms.

Figure 2. Transmission route of monkeypox: animal-human and human-human transmission route.
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Severe cases of monkeypox infections are more common
in children, immunocompromised individuals and those
with preexisting conditions, which influence the degree of
exposure to the virus and the severity of complications.
While the current outbreak shows a low mortality rate from
monkeypox, it remains a serious threat to public health.
The World Health Organization (WHO) stated that the
emergence of monkeypox cases in multiple non-manifold
countries not directly linked to travel to monkeypox-
endemic areas is atypical.19 In recent years, the epidemi-
ology situation of monkeypox has changed, the scope of its
emergence has expanded, and the infectivity has increased
3

significantly. In an effort to prevent monkeypox from
becoming a global pandemic, it is imperative to develop
vaccines and drugs that can prevent or treat monkeypox.
Prevention, treatment, and therapeutic effects

Variola, vaccinia, and monkeypox viruses belong to the
genus Orthopoxvirus. Due to the presence of common an-
tigens, variola and monkeypox can be prevented by vacci-
nation. Recent studies have shown that the vaccinia
vaccine, which has been reported to protect against
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smallpox, can also protect against monkeypox virus. On the
basis of these vaccines, researchers have improved the
vaccine through genetic recombination and other ways to
greatly improve the effectiveness of the vaccine and
reduce the toxic side effects of the vaccine. In addition,
because vaccines only work well before the virus is infec-
ted, efforts are also being made to develop antiviral drugs
that can treat patients after exposure to the virus. Some of
the current studies on monkeypox vaccine and antiviral
therapy are summarized in Table 1.

Preventive effects of Vaccines

Vaccine played a crucial role in the eradication of smallpox,
and studies have found that approved smallpox vaccines
also provide some cross-protection against monkeypox.20

Relevant vaccines are known to bind T cells to antigen
presenting cells, activate B lymphocytes to produce anti-
bodies, and promote cytotoxic T cells to clear virus-
infected cells. The detailed mechanism of action is shown
in Fig. 3. However, since smallpox was eradicated 30 years
Table 1 Current research on monkeypox virus vaccine and ant

Protected mode Animal model Mechanism

Recombinant
vaccine

STAT1(�/�) mice Construction
based on BoH

Attenuated
vaccine

Monkeys were
immunized with LC16m8
or Lister

Mutation of
immunogenic
protein B5R

Attenuated
vaccine

Monkeys Mutation of
immunogenic
protein B5R

Attenuated
vaccine

Cynomolgus macaque Specific T cel
antibody resp

Recombinant
vaccine

Mouse The human IL
cytokine was
into the geno
Wyeth vaccin

Modified vaccine Rhesus monkeys It works by e
IFNa/bBP

Antiviral drug Immunodeficient mouse Blocking the
of the virus i
envelope

Antiviral drug Cynomolgus monkey Broad-spectru
against DNA v
as orthopoxvi

Antiviral drug African green monkeys Inhibition of i
guanosine tri
pool

4

ago, the majority of the global population has not been
vaccinated against smallpox. Therefore, it is possible that
the resistance to orthopoxvirus has weakened. The WHO
has given a series of specific recommendations for mon-
keypox prevention and control, the most important of
which is to accelerate research on the use of a vaccine.21

Given there is only one company in the world that manu-
factures monkeypox vaccines, acquiring a large supply in a
short period of time would be a challenge. These circum-
stances have driven further optimization of existing small-
pox vaccines and research into new vaccines that mitigate
the toxic side effects of existing vaccines.

Because orthopoxviruses all have similar genetic prop-
erties, a vaccine that protects against a known poxvirus
may also protect against other poxviruses.22 Franceschi
et al. designed a recombinant bovine herpesvirus 4 (BOHV-
4) gene vaccine containing three monkeypox antigen pro-
teins (A29L, M1R and B6R) with the goal of studying cowpox
and smallpox attenuated vaccine.23 It was found that mice
treated with the three recombinant vaccines had no
adverse reactions. The combined use of these vaccines
iviral therapy.

Preventive or therapeutic
effect

Reference

of vaccine
V-4 vector

100 % alone protected STAT1(
�/�) mice from death caused
by monkeypox virus infection

23

membrane
The immunized monkeys did
not develop monkeypox
symptoms

25

membrane
The vaccinated monkeys
showed few monkeypox
symptoms and provided long-
term protection against viral
infection

26

l and
onse

Antibody binding titer and T-
cell response of the Ankara
vaccine were equal to or
greater than the Dryvax
vaccine alone

27e29

-15
integrated
me of the
ia strain

The vaccinated mice
developed superior
immunogenicity

30,31

ncoding No live virus was recovered
after vaccination, and high
concentrations of neutralizing
and IgG antibodies were
detected

32

maturation
nto the

The virus could be inhibited
from spreading to internal
organs

36e43

m activity
iruses (such
rus)

Plasma viral load decreased
significantly

44,45

ntracellular
phosphate

Monkeypox virus replication is
inhibited

46,47



Figure 3. The mechanism of action of vaccines.
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could protect STAT1 knockout mice against monkeypox
virus 100 %.23

An increasing number of researchers have been working
on another smallpox attenuated vaccine, LC16m8. Kennedy
et al. explored the neutralization titer and immune
response of LC16m8 to monkeypox by enzyme-linked
immunosorbent assay and lymphocyte proliferation
assay.24 It was found that the LC16m8 vaccine not only
produced neutralizing antibody titers against monkeypox
virus, but it also produced a strong cellular immune
response. Saijo et al. treated monkeys infected with mon-
keypox virus intranasally, which were closer to the natural
route of infection, with the LC16m8 vaccine. They found
that these model animals did not develop monkeypox
symptoms.25 They also treated monkeys that had been
infected with monkeypox subcutaneously with the LC16m8
vaccine. They discovered that the immunized monkeys
developed mild symptoms only in the site where the virus
was inoculated and no symptoms elsewhere. Iizuka et al.
evaluated the long-term efficacy of LC16m8 inoculation in
an animal model infected with monkeypox.26 Monkeys
infected with monkeypox at six and twelve months after
vaccination with LC16m8 were found to have few symptoms
associated with monkeypox infection. These finding sup-
ported LC16m8 having a protective memory immune
response against monkeypox virus. A single dose of LC16m8
provided lasting protection for more than one year after
monkeypox infection in monkeys. These results demon-
strated that LC16m8 vaccine, as a vaccinia-derived small-
pox vaccine, could also protect humans from monkeypox
damage.
5

While traditional smallpox vaccines, based on replica-
tive vaccinia viruses, are effective, they may produce rare,
but serious, side effects in immunocompromised in-
dividuals.27,28 Moreover, pericarditis may occur as a
complication in healthy individuals who have received
conventional smallpox vaccines. These risks support the
need to develop a safer vaccine. The modified vaccinia
Ankara, as a highly attenuated replication deficient strain,
has been widely studied by scholars. Stittelaar et al.
investigated the efficacy of the Ankara vaccine in the
cynomolgus macaque model and found that the animal
model vaccinated with the Ankara vaccine produced het-
erologous T cells and antibody responses. In addition, the
vaccine protected rhesus monkeys from the lethal and
sublethal challenge of respiratory infection with mon-
keypox.27 Earl et al. compared the Ankara vaccine with the
Dryvax vaccine in a monkey model and found that the
antibody binding titer and T-cell response of the Ankara
vaccine were equal to or greater than the Dryvax vaccine
alone whether it was used alone or in combination with
Dryvax vaccine.28 Zaeck et al. evaluated the efficacy of the
Ankara vaccine in the population by analyzing reactive
binding antibodies and neutralizing antibodies in pop-
ulations vaccinated against smallpox, MPXV PCR-positive,
vaccinated against MVA-BN-vaccinated, and MVA-H5-
vaccinated individuals.29 MPXV-neutralizing antibodies
were found to be detectable in individuals after MPXV
infection and after smallpox vaccination. It is worth noting
that the neutralizing antibody response produced after two
vaccinations are relatively low, and the third vaccination
enhances the binding and neutralizing antibody response.
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Cytokines secreted by mononuclear macrophages have a
powerful effect on antiviral infection. Among them, type I
cytokines can inhibit the enzyme that cells synthesize DNA
and RNA virus replication, thus interfering with virus
replication. Zielinski et al. integrated human IL-15 cytokine
into the genome of the Wyeth vaccinia strain and found
that vaccinated mice produced superior immunogenicity.30

In addition, three years after Wyeth/IL-15 vaccination,
there were no deaths in the vaccinated monkeys and fewer
skin lesions in the animals. Hatch et al. chose to establish a
cynomolgus macaque model to compare the preventive and
therapeutic effects of two vaccines combined (Imvamune
and ACAM2000) against monkeypox.31 The results showed
that rhesus monkeys vaccinated with the Imvamune vaccine
alone failed to avoid virus infection and invasion. However,
when rhesus monkeys were vaccinated with the ACAM2000
vaccine alone, no live virus was recovered and high con-
centrations of neutralizing and IgG antibodies were detec-
ted. Montanuy et al. found that three generations of
smallpox vaccines (Dryvax, ACAM2000, and Ankara) all act
by coding for IFNa/bBP.32 In subsequent studies, they
identified the binding site of IFNa/bBP interacting with cell
surface in monkeypox by combining site-directed muta-
genesis and other techniques. These findings are important
for improving vaccine design.

Other researchers have been focusing on genetically
engineered vaccines. Hooper et al. showed that mice
immunized with vaccines that combined VACV LIR and A33R
genes were more protective against poxvirus challenge.
They also investigated the protection of mice with vaccines
containing the A27L and B5R genes.33 After reaching similar
conclusions as in their previous study, they further com-
bined the four genes and inoculated them into rhesus
monkeys. They found that the four gene combination vac-
cine elicited antibody responses that crossed with homol-
ogous proteins of monkeypox. This demonstrated the
potential for the gene combination vaccine to prevent
monkeypox. Hooper et al. constructed a DNA vaccine
against four known vaccinia virus genes (L1R, A27L, A33R,
and B5R) and administered the vaccine to rhesus monkeys
before exposure to monkeypox.34 They found that a single
gene vaccine based on one of the four genes kept monkeys
alive, but not protected them from monkeypox, presum-
ably by producing small amounts of neutralizing antibodies
that would reduce the effective dose of the virus. However,
when the monkeys were vaccinated with four genes ho-
mologous to monkeypox, the effectiveness of the vaccine
was significantly increased, and no virus was detected in
the monkeys’ oral secretions. These findings support the
potential for multicomponent mixtures of vaccine antigens
to play an important role in protecting against poxviruses.
Hirao et al. set up experimental groups for eight different
DNA-encoded antigens (A4L, A27L, A33R, A56R, B5R, F9L,
H3L, and L1R) and found that five of the antigens in the
eight genes produced high antibody responses in macaques,
which was consistent with the conclusion of Hooper et al.35
Therapeutic effects of Antiviral drugs

Vaccination that provides protection against monkeypox
would be an accepted method of prevention or treatment
6

before infection with the virus. However, at present, there
is no effective, safe, and widely available treatment for
monkeypox infection. In lieu of the availability of a vac-
cine, the use of antiviral drugs is being evaluated. ST-246 is
a small molecule inhibitor against vaccinia virus homo-
logues that safely and effectively prevents death from viral
infection by blocking intracellular maturation of the virus
to envelope, as shown in Fig. 4. It has been shown to have
potent antiviral activity, preventing severe disease and
death caused by vaccinia, smallpox and monkeypox viral
infections in different animals through different
routes.36e43

Grosenbach et al. analyzed and evaluated the efficacy of
ST-246 through the immunodeficient mouse model. They
found that in all the immunodeficient models they used, as
long as T cells were intact and the mice were treated with
ST-246 immediately after being infected with poxvirus, the
virus could be inhibited from spreading to internal organs.
ST-246 played a protective role for the host.36 Berhanu
et al. found that by treating infected mice intranasally with
ST-246, there was a 22-fold reduction in virus shedding from
the nasal mucosa and a 528-fold reduction in virus shedding
from the lung mucosa, as compared with untreated mice.
This demonstrated that the spread of the virus from the
infection site to the internal organs was inhibited after
treatment.37 Smith et al. evaluated the efficacy of ST-246
against monkeypox in a prairie dog model.38 After testing
blood samples and viral DNA of animals treated with ST-246,
it was determined that the treatment was 100 % effective in
preventing the death of animals after skin rash symptoms.
In addition, no viral DNA was detected in animals treated
immediately before the onset of symptoms and most did
not develop symptoms.

Smith et al. found that ST-246 had an effective con-
centration of 0.015e0.05 mm against monkeypox virus
in vitro.39 Jordan et al. treated cynomolgus monkeys with
different concentrations of ST-246 after three days of
monkeypox infection. It was determined that the minimum
effective dose of ST-246 for 100 % protection against mon-
keypox was 10 mg/kg/day, which was assumed to be
equivalent to 400 mg daily in humans.40 Huggins et al.
suggested that continuous treatment with ST-246 at a dose
of 300 mg/m2/day for more than 10 days was the optimal
dose to provide effective protection.41 Sbrana et al. studied
in a gopher model, using ST-246 at a dose of 100 mg/kg/day
to treat gophers injected with lethal doses of monkeypox.42

They found that 100 % of the animals who started treatment
between days 0 and 3 after contracting the virus survived,
and 67 % of the animals who started treatment on day 4
survived. By analyzing pharmacokinetic and pharmacody-
namic models, Leeds et al. determined that the optimal
effective dose of ST-246 for smallpox prevention in humans
was 600 mg.43

Cidofovir is an acyclic nucleoside analogue with broad
spectrum activity against DNA viruses, such as orthpoxvi-
ruses. Its anti-poxvirus activity has been demonstrated in
infected animal models.44 Stittelaar et al. evaluated the
efficacy of cidofovir in a cynomolgus monkey model against
a tracheal infection with virus and showed that all un-
treated animals died within 15 days of infection.45 Only one
animal inoculated with the positive control drug Elstree-
RIVM survived. Animals inoculated with 5 mg/kg of



Figure 4. The mechanism of ST-246 blocking poxvirus synthesis.
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cidofovir were survived and had significantly lower plasma
viral loads. This suggested that earlier treatment after
infection increased the chance of survival.

Smee et al. treated monkeypox infected African green
monkeys and mouse models with mycophenolic acid (MPA)
and ribavirin, respectively, and found that MPA inhibited
monkeypox virus by 50 %.46 The inhibition rate of ribavirin
in mice was higher than that in African green monkeys. The
mechanism of MPA and ribavirin was related to the inhibi-
tion of intracellular guanosine triphosphate pool. Baker
et al. analyzed the effects of 24 antiviral compounds on
monkeypox.47 Eight of these compounds, including cidofo-
vir and ribavirin, inhibited monkeypox replication at drug
concentrations. The virus isolates were found to be most
sensitive to three compounds: cidofovir, cHPMPC, and
ribavirin.

With the development of DNA editing technology, the
development of a direct antiviral therapy against mon-
keypox has become a significant avenue of research. Viral
vectors that produce high viral titers and are safe are
classified as effective vectors in antiviral therapy. Siegrist
et al. integrated plasmids containing A17L, E3L, and 12L
genes into human embryonic kidney cells by CRISPR-Cas9
and cell transfection technology.48 After analyzing the
effectiveness of the targets, they found that the viral titer
of each gene target was reduced by 93.19 %. In addition,
antiviral drugs coated with adenovirus as a vector also
reduced the viral titer of each gene target by 92.97 % and
had a protective effect on host cells.

Although vaccination was effective for monkeypox pre-
vention prior to exposure to the virus, the vaccine effect
was limited after exposure. Further research revealed that
the combination of vaccine and antiviral drugs was an
effective form of treatment. Tecovirimat is the active
7

pharmaceutical ingredient in the smallpox antiviral drug
TPOXX. Although the mechanism of action of the vaccine
and the antiviral compound are different, the possibility of
concurrent use cannot be ruled out. To investigate whether
co-treatment with vaccines and antiviral agents would
impact efficacy, Russo et al. used Tecovirimat in monkey
models infected with monkeypox after Dryvax or ACAM2000
vaccination.49 The results indicated that Tecovirimat had
no effect on the protective immunity produced by the
vaccine, and the severity and regression time of the lesions
at the site of virus inoculation were reduced or shortened.
Moreover, macaques that were vaccinated with ACAM2000
and treated with Tecovirimat after monkeypox infection
survived. Berhanu et al. also investigated the effect of the
combination of Tecovirimat and ACAM2000 and found that
the ACAM2000 vaccine alone did not protect cynomolgus
monkeys after the third day of monkeypox infection in this
animal model.50 However, Tecovirimat alone or in combi-
nation with ACAM2000 produced a potent protective effect,
especially when the combination delayed treatment until
days 4 and 5 with 83 % protection and day 6 with 50 %
protection.
Alternative therapies

In addition to vaccines and antiviral drugs, researchers are
discovering additional treatments for monkeypox. Alkhalil
et al. explored the therapeutic effect of RNA interference
pathway on monkeypox.51 By developing 48 small inter-
fering RNA and evaluating their ability to inhibit the virus,
they found that two of the genes produced 65e95 % inhi-
bition rates during the viral replication process without
having toxic effects on cells. The E8L gene was involved in
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the process of virus entry into cells and the A6R gene was
involved in the process of virus replication. In addition, ten
nM A6R-siRNA could inhibit virus replication for seven days.

It has been shown that the introduction of interferon has
a protective effect on poxvirus infected animals, and
Johnston et al. continued to use IFN-b to explore its ther-
apeutic potential against monkeypox.52 Their research has
shown that IFN-b can inhibit monkeypox production and
transmission by inducing the expression of antiviral proteins
in virus-infected cells within six to 8 h of viral infection. In
previous studies, the antiviral protein, MxA, has also been
shown to work against a variety of viruses, including mon-
keypox.53 MxA protein was found in the virus envelope in
monkeypox-infected cells. The specific mechanism of ac-
tion remains to be studied.

Conclusion

As the climate and environment change, both animals and
humans are changing their living habitats, and many dis-
eases that were originally transmitted between animals can
also be transmitted to humans. In areas of Africa where
humans are in close contact with wildlife, monkeypox is not
only a serious public health threat, but it is a deadly in-
fectious disease with the ability to mutate. After the
smallpox vaccine was no longer widely applied globally, the
population’s resistance to orthopoxvirus decreased over
time, and there was a significant upward trend in the fre-
quency and geographical distribution of the disease in
recent years. At present, the host and mode of transmission
of monkeypox virus are unknown, there is a lack of effec-
tive prevention and treatment methods, few vaccines have
been approved, and the specific mechanism of effective
antiviral drugs requires further study. There is a need to
accelerate the development of new vaccines and antiviral
drugs. In addition, stronger prevention measures are war-
ranted, and more robust diagnostic tools are needed in
identifying monkeypox in an effort to control further
spread of the virus. In addition, there is a need to under-
stand how monkeypox virus persists in nature and explore
its impact on ecological factors in an effort to control
monkeypox outbreaks.
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Lavieren RF, Holý A, et al. Antiviral treatment is more effective
than smallpox vaccination upon lethal monkeypox virus infec-
tion. Nature 2006;439(7077):745e8.

46. Smee DF, Bray M, Huggins JW. Antiviral activity and mode of
action studies of ribavirin and mycophenolic acid against
orthopoxviruses in vitro. Antivir Chem Chemother 2001;12(6):
327e35.

47. Baker RO, Bray M, Huggins JW. Potential antiviral therapeutics
for smallpox, monkeypox and other orthopoxvirus infections.
Antivir Res 2003;57(1e2):13e23.

48. Siegrist CM, Kinahan SM, Settecerri T, Greene AC, Santarpia JL.
CRISPR/Cas9 as an antiviral against Orthopoxviruses using an
AAV vector. Sci Rep 2020;10(1):19307.

49. Russo AT, Berhanu A, Bigger CB, Prigge J, Silvera PM,
Grosenbach DW, et al. Co-administration of tecovirimat and
ACAM2000� in non-human primates: effect of tecovirimat
treatment on ACAM2000 immunogenicity and efficacy versus
lethal monkeypox virus challenge. Vaccine 2020;38(3):
644e54.

50. Berhanu A, Prigge JT, Silvera PM, Honeychurch KM, Hruby DE,
Grosenbach DW. Treatment with the smallpox antiviral

http://refhub.elsevier.com/S1684-1182(23)00238-4/sref15
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref15
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref15
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref15
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref16
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref16
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref16
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref16
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref16
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref17
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref17
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref17
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref18
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref18
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref18
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref19
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref19
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref19
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref20
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref20
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref20
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref20
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref21
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref21
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref21
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref22
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref22
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref22
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref23
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref23
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref23
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref23
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref23
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref24
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref24
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref24
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref24
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref24
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref25
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref25
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref25
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref25
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref25
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref26
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref26
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref26
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref26
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref26
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref27
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref27
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref27
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref27
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref27
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref28
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref28
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref28
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref28
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref28
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref29
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref29
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref29
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref29
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref29
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref30
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref30
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref30
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref30
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref30
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref30
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref30
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref31
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref31
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref31
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref31
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref31
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref32
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref32
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref32
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref32
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref32
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref33
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref33
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref33
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref33
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref33
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref34
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref34
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref34
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref34
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref34
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref35
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref35
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref35
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref35
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref35
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref35
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref36
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref36
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref36
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref36
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref36
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref37
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref37
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref37
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref37
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref37
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref38
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref38
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref38
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref38
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref38
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref39
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref39
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref39
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref39
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref40
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref40
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref40
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref40
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref40
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref40
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref41
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref41
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref41
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref41
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref41
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref42
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref42
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref42
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref42
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref42
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref43
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref43
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref43
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref43
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref43
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref43
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref44
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref44
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref44
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref45
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref45
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref45
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref45
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref45
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref46
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref46
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref46
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref46
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref46
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref47
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref47
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref47
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref47
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref47
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref48
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref48
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref48
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref49
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref49
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref49
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref49
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref49
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref49
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref49
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref49
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref50
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref50


Y.-H. Luo, T. Zhang, J.-L. Cao et al.
tecovirimat (ST-246) alone or in combination with ACAM2000
vaccination is effective as a postsymptomatic therapy for
monkeypox virus infection. Antimicrob Agents Chemother
2015;59(7):4296e300.

51. Alkhalil A, Strand S, Mucker E, Huggins JW, Jahrling PB,
Ibrahim SM. Inhibition of monkeypox virus replication by RNA
interference. Virol J 2009;6:188.
10
52. Johnston SC, Lin KL, Connor JH, Ruthel G, Goff A, Hensley LE.
In vitro inhibition of monkeypox virus production and spread by
Interferon-b. Virol J 2012;9:5.

53. Haller O, Gao S, von der Malsburg A, Daumke O, Kochs G.
Dynamin-like MxA GTPase: structural insights into oligomeri-
zation and implications for antiviral activity. J Biol Chem 2010;
285:28419e24.

http://refhub.elsevier.com/S1684-1182(23)00238-4/sref50
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref50
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref50
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref50
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref50
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref51
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref51
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref51
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref52
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref52
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref52
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref53
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref53
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref53
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref53
http://refhub.elsevier.com/S1684-1182(23)00238-4/sref53

	Monkeypox: An outbreak of a rare viral disease
	Introduction
	The discovery of monkeypox
	Pathophysiology of monkeypox
	Epidemiology of monkeypox
	Prevention, treatment, and therapeutic effects
	Preventive effects of Vaccines
	Therapeutic effects of Antiviral drugs
	Alternative therapies

	Conclusion
	Author contributions
	Funding
	Conflicts of interest
	Conflicts of interest
	Acknowledgments
	References


