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Although smallpox vaccines and antiviral drugs are also effective against MPX, there is still no specific vaccine or drug for
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Abstract

Mpox (MPX), a zoonotic infection reported as early as 1970, is a double-stranded DNA virus, Mpox virus
(MPXV), belonging to the genus Orthopoxvirus. MPX, a virus closely related to smallpox, was once consid-
ered a geographically restricted infection because it was predominantly endemic in West and Central Africa,
except for the Democratic Republic of the Congo (DRC). However, in May 2022, a rare case of MPX was
diagnosed in the UK. As of February 25, 2023, 86,127 confirmed cases and 97 deaths have been reported
globally. It spreads through close contact with an infected person, infected animal, or an object which an
infected person has touched. Although most people infected with MPXV may present with mild symptoms
and will recover fully within a few weeks, people can have serious diseases and complications and may need
to be hospitalized with it. Although smallpox vaccines and antiviral drugs are also effective against MPX,
there is still no specific vaccine or drug for MPXV infection. Therefore, we need to take the right attitude
and measures to stop the MPXV outbreak. In this review, we summarize the characteristics, mechanisms,
immunology, and transmission of MPXV, as well as current vaccines, diagnostics, and treatments used for
MPX, and provide clues for controlling MPX outbreaks and preventing such diseases.
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Introduction

Mpox (MPX), formerly known as Monkeypox, is a zoonosis caused by the Mpox virus (MPXV), which
belongs to a genus of viruses called Orthopoxvirus, family Poxviridae [1,2]. MPXV has probably been
infecting humans for a long time, but it was first identified in laboratory monkeys imported from Singapore
to Denmark in 1958 (hence the name) and the first human case of MPX was reported in a 9-month-old
infant from the Democratic Republic of the Congo in 1970 [3,4]. Since then, most cases have been reported
from rural rainforest regions of the Congo Basin, particularly in the Democratic Republic of the Congo [5].
MPX was considered a rare sporadic disease with a limited ability to spread between humans [6]. However,
the 2022 outbreak of the MPXV pandemic took the world by storm. From May 6, 2022, the number of
infections and deaths in non-endemic countries was increasing dramatically [7]. On July 23, 2022, the World
Health Organization (WHO) declared MPX a Public Health Emergency of International Concern [8]. As of
February 25, 2023, a total of 110 countries have reported cases of MPX, with 86,127 laboratory-confirmed
cases and 1,084 probable cases, including 97 deaths [9] (Fig. 1).

Characteristics of MPXV

MPXYV has the typical rectangular shape and size of other poxviruses such as Smallpox, with a size of approx-
imately 200 x 250 nm [10]. It has a dumbbell-shaped core with lateral bodies and the surface membranes
show surface tubules or filaments [11] (Fig. 2). MPXV is an enveloped double-stranded DNA virus with
approximately 197kb of genomic DNA encoding up to 280 genes and contains about 190 nonoverlapping
open reading frames (ORFs, >180 nucleotides) [12,13]. As shown in Fig. 3, the genome of MPXV consists of
a large conserved central genomic region with variable regions containing inverted terminal repeats (ITRs)
at both ends [14]. Except for four ORFs located in the ITRs, all ORFs are present in the central region of
the genome[15]. The non-conserved genes of MPXV, located in the variable regions at both ends, are most
host range and virulence genes, which are mainly involved in MPXV immune escape [16,17]. In contrast, the
genes in the central genomic region of MPXYV are relatively conserved and encode structural proteins and
essential enzymes [12]. The genome-wide analysis confirmed that there are two clades of MPXV: the Central
African (Congo Basin) clade and the West African clade [18]. However, to avoid discriminatory geographical
identification, the WHO announced the renaming of the MPXV clades on August 12, 2022, with new names
consisting of Roman numerals and lowercase English letters. The experts convened by WHO referred to
the previous Central African clade as Clade I and the previous West African clade as Clade II. Clade IT
includes two subclades, Ila and IIb, with IIb being the main group of virus variants transmitted in the 2022
Mpox outbreak. [19,20]. Clade I and Clade II are genetically different and have different toxicity and case
fatality rate, 10.6% and 3.6%, respectively [18,21-23]. The genomic comparison revealed that the nucleotide
divergence between the two clades was 0.55-0.56%. The Clade I had 173 unique functional genes, while the



Clade IT had 171. Of the 56 virulence genes, 53 viral genes were shared by the two clades. The most striking
differences between these two clades are in the gene orthogonal of BR-203, BR-209, and COP-C3L [21].

Pathogenesis of MPXV

MPXV may enter the host via the oropharynx, nasopharynx, or intradermal pathways. In the respiratory
tract, the MPXV can infect airway epithelial cells, while in the skin, the virus infects keratinocytes, fibro-
blasts, and endothelial cells, establishing productive and cytopathic infections. In addition, antigen-presenting
cells such as dendritic cells, Langerhans cells, and macrophages in the skin are infected by abortion, allowing
them to survive long enough to carry the antigen to draining lymph nodes [24]. After a period of initial
viremia, the virus spreads to other body organs. MPXV is a DNA virus, but its life cycle occurs in the cyto-
plasm and involves six stages, namely virus entry, uncoating, DNA replication, assembly, morphogenesis, and
release (Fig. 4). There are two different infectious virus particles in MPXV: intracellular mature virus (IMV)
and extracellular enveloped virus (EEV) [25]. IMVs with an outer lipoprotein envelope are responsible for
transmission between hosts, and they enter the host cell by microcellular action or fusion and are released on-
ly during host cell lysis. In contrast, EEVs with an antigenically distinct outer triple envelope are responsible
for transmission within the host, and they enter the host by fusion and are released by exocytosis [26]. MPXV
replication is initiated by multi-subunit DNA-dependent RNA polymerases encoded by MPXV, which then
translates early, intermediate, and late proteins on the host ribosome [27]. Late proteins are assembled to
form the infectious virus IMVs, which are then encapsulated by a double membrane from the Golgi apparatus
to form the intracellular enveloped virus (IEVs). IEVs lose their outer membrane wrapping by triggering
actin polymerization and subsequently fuse with the cell membrane to form cell-associated enveloped viruses
and eventually release to form EEVs [28]. Notably, cellular proteins such as COG4, COG?7, vesicle protein
sorting proteins VPS52 and VPS54 and some toxicity-related genomic regions such as ORF17-31, 181-192
are essential for MPXYV infection, but how these proteins or genes collaborate to regulate MPXV-induced
host pathogenesis is still unclear [29-31].

Immunology of MPXV

MPXYV infection elicits both intrinsic and adaptive immune responses in the host. Pathogen-associated
molecular patterns (PAMPs) from poxviruses and their envelope or core proteins can be sensed by pattern
recognition receptors (PRRs) to initiate a faster but less specific innate immune response [32]. Intrinsic
immunity is the host’s first line of defense against poxvirus infection and includes the role of antiviral
proteins such as IFN-I, pro-inflammatory cytokines, chemokines, and intrinsic immune cells such as NK cells
[24,33-35]. These effector molecules and cells mediate direct antiviral effects or coordinate adaptive immune
responses to contain different stages of poxvirus infection. Among them, IFN-I is the hallmark effector
of the antiviral response, which interferes with viral replication by mediating viral mRNA degradation
and inhibiting translation [36]. NK cells are important players in the host’s innate defense against viral
infection and contribute to cell-mediated immunity through cytokine secretion [37]. In addition, in a study
of VARV-infected cynomolgus macaques, levels of IFN-y, IL-8, IL-6, CCL2, and CCL4 were significantly
increased during the first four days after infection [38]. In MPXV-infected rhesus monkeys, the number of
NK cells in peripheral blood and lymph nodes was significantly increased [39]. The importance of B cells
and immunoglobulins against poxvirus can be demonstrated by the successful global vaccination campaign
using a live VACV vaccine [40,41]. Cross-reactive VACV-induced immunoglobulins from human vaccines
have now been shown to recognize 14 MPXV proteins that have the potential to become antigen-based
serodiagnostic tools [42]. In particular, three proteins, A26, D8, and H3, can be targets by neutralizing
MPXYV antibodies, while proteins A33, A44, and C19 are the major antigens of IgM isolated from macaques
in the acute phase of MPXV infection [42]. T cells not only support antibody development but also exert a
direct anti-orthopoxvirus effect. Helper T lymphocytes (CD4™ T cells) play a role in promoting the recall
and differentiation of memory B cells into antibody-secreting cells [43]. In a mouse model of VACV infection,
CD8™ T cells have been shown to eradicate virus-infected monocytes and minimize virus transmission [44].
In addition, IFN-y secreted by CD8" T cells has been shown to protect against lethality [45].

Like many viruses, MPXYV excels at blocking, evading, and tricking the body’s immune protection in a variety



of ways. Here, we briefly discuss some of these mechanisms. MPXV can interfere with the recognition of
viral molecules by intrinsic immune cells. Intrinsic immune cells are activated by binding PAMPs through
their PRRs. Common PRRs include Toll-like receptor (TLR), NOD-like receptor, RIG-1-like receptor, C-type
lectin-like receptor, and cytoplasmic protein kinase receptor [46,47]. Once the PRR binds to a viral molecular
ligand, it initiates signaling cascade responses that activate inflammation-related transcription factors such
as NF-xB, IRFs, and AP-1 [48]. MyD88, TRIF, and TRAM are intracellular adapter proteins involved in
TLR signaling and are essential for triggering intracellular immune responses [49]. MPXV contains genes
encoding a variety of proteins, such as protein A47R, which can interact with and impair the function of
adaptor proteins, thereby inhibiting the activation of the inflammation-related transcription factors NF-xB
and IRF3, resulting in the inability of the intrinsic immune system to recognize the virus [50]. In addition,
MPXYV inhibits the ability of cells to undergo apoptosis. For example, MPXV may block the activity of
caspase-1, caspase-8, and caspase-9, which are essential for apoptosis [50,51]. MPXV also has genes encoding
Bcl-2 protein mimetic activity, which play a key role in the regulation of apoptosis [50,52]. MPXV has been
shown to evade intrinsic host immunity against viruses by encoding an F3 protein that inhibits multiple
steps of IFN signaling [53,54]. MPXV encodes a complement control protein that prevents the initiation of
the complement activation pathway [55]. In addition to the above mechanisms, MPXV has several genes
encoding proteins that may interfere with cytokine and chemokine production and ubiquitin-proteasome
activity, thereby disrupting various stages of the host inflammatory cascade response [50].

Clinical features

The clinical symptoms of MPXYV infection are similar to those of other orthopoxviruses, but lymphadenopa-
thy is a unique hallmark of MPXV infection [56]. There are three periods of human MPXV infection:
incubation, onset, and rash periods. The incubation period is about 6 to 13 days and may be up to 21 days.
The onset period lasts about 5 days and has atypical symptoms, including fever, chills, sweating, headache,
sore throat, muscle pain, back pain, fatigue, and lymphadenopathy. The rash period usually begins after 1
to 3 days of fever and lymphadenopathy. The rash may initially start in the mouth, then on the face, and
then appear elsewhere in the body. The rash goes through several stages of change, evolving in turn from
maculae to papules, vesicles, and pustules, which may appear simultaneously in different stages, eventually
crusting and healing [57]. However, in the 2022 MPX pandemic, many patients presented with atypical
disease manifestations such as anal pain and bleeding, and these lesions were usually located in the genital,
perineal, or perianal regions [2]. MPX is a self-limiting disease, the duration of its symptoms usually lasts 5
to 21 days, and most MPXV-infected patients will heal on their own within 2 to 4 weeks [58]. However, in
some cases, it can make the condition worse and may even lead to life-threatening complications. For exam-
ple, those patients with untreated HIV infection who are co-infected with MPXV have a longer duration of
disease, more severe lesions, and a higher incidence of secondary bacterial skin infections and genital ulcers
[59]. The overall mortality rate of MPXV infection varies depending on the age of the patient, the branch
of the virus, and the region of the outbreak.

Transmission

MPX is a zoonotic disease. The natural reservoir for MPX has not yet been identified, but it is thought that
rodents could be the most likely reservoir for this particular virus. Transmission of MPXV from animals to
humans can occur in contact with the body fluids of infected animals or when scratched by infected animals,
and transmission through urine and feces may be an additional source of infection (Fig. 5). Interpersonal
transmission can occur through continuous face-to-face contact with large respiratory droplets, or through
direct contact with viral lesions, body fluids, and through virally infected materials such as bedding and
clothing, etc [60]. According to the Centers for Disease Control and Prevention (CDC), MXPV transmission
is more likely to come from intimate person-to-person contact, including kissing, hugging, sex, or touching
body parts with MPX sores [61]. Mother-to-child transmission can also occur through the placenta during
and after birth through close contact [61]. The first major outbreak of MPX in 2022 in a non-endemic
country mainly affected men (homosexual or bisexual) [62,63]. Unlike other viral diseases such as SARS-
CoV-2 infection, MPXV-infected individuals seem to spread only after the first symptoms appear [64]. It is



not clear whether MPXV can be transmitted through semen and vaginal fluids.
Diagnosis

The diagnostic analysis is essential to confirm MPXV infection and to rule out other infectious diseases.
Samples of skin lesions are the best clinical samples for laboratory analysis, such as swabs of vesicular lesions,
exudates, or crusts kept in cool, dry sterile tubes [57]. Viral cultures should be obtained by oropharyngeal
or nasopharyngeal swabs [57]. Medical history, clinical symptoms, and laboratory studies help to diagnose
MPXYV infection. Laboratory studies include PCR, ELISA, Western Blot, and immunohistochemistry, and
according to WHO, RT-PCR is the test of choice to identify MPXV during severe infection [2].

Vaccination

Due to genetic similarity, Smallpox vaccination cross-protects against MPX (Tab. 1). The U.S. Food and
Drug Administration (FDA) has approved the Smallpox vaccine JYNNEOS (Bavarian Nordic) for high-
risk populations to prevent MPX, and the ACAM2000 vaccine can be used off-label for the same purpose
[65]. According to the CDC, MPXV infection is expected to be prevented if the vaccine is administered
within four days of exposure to MPXV due to the long incubation period of the virus [61]. In the United
States and Canada, MVA, a third-generation Smallpox vaccine, has been licensed for use against MPX [66].
WHO classifies the current MPXV vaccine into replicating vaccine (ACAM2000), minimal replicating vaccine
(LC16m8), and non-replicating vaccine (MVA-BN), the latter being the currently used vaccine [2] (Tab. 2).

Mpox Smallpox
Virus Mpox virus Variola virus
Strains and Genotypes 2 clades 4 types of variola major smallpox
Reservoirs Monkeys, rodents, etc. Humans
Incubation period 6 13 days, may be up to 21 days 7719 days
symptoms Fever, rash in the mouth or on the face primarily = Fever, small red spots on the tongue, rash on f
Fever 175 days 2 4 days
Lymphadenopathy Yes No
How long illness lasts 2 4 weeks Up to 5 weeks
Mortality 1710% of cases Up to 30% of cases
Vaccine Smallpox vaccine Smallpox vaccine

Tab.1 Mpox and Smallpox compared

Vaccine ACAM2000 LC16m8 MVA-BN

Country USA Japan USA

Vaccine type Live replicating vaccinia virus Live, replicating attenuated vaccine non-replicating

Dose 1 dose, scarification, booster every 3 years Single dose, scarification 2 doses, s.c., primary se
Date approved 2007.08 1975 2019.09

Generation Second-generation Third-generation Third-generation

Tab.2 Available Mpox vaccines
Treatment

MPXYV usually causes mild symptoms and most patients recover without treatment. However, in severe cases
of MPX, supportive care, symptom management, and treatment of secondary bacterial infections remain the
main recommendations [57]. No effective antiviral therapy has been identified yet, however, some antiviral
drugs for Smallpox can also be used for MPX [7]. Tecovirimat (ST-246) was first proposed as an antiviral



candidate for the treatment of orthopoxvirus infections in 2005 [67]. Studies have proven that treatment
with Tecovirimat is effective in animal models and human cases, with a significant reduction in mortality
[68,69]. Tecovirimat has been approved by the FDA for use in the treatment of MPX during outbreaks
[70]. F13/VP37, the viral structural protein of MPXV, plays an essential role in the formation of cell-
associated enveloped viruses prior to viral release. Tecovirimat inhibits the spread of the virus within the
infected host by inhibiting F13/VP37 [71]. Some studies have now demonstrated the potential of drugs
targeting inhibition of the MPXV-F13 protein for the successful treatment of MPXV, although additional
in vitro and in vivo experiments are still necessary [72,73]. Cidofovir is a broad-spectrum antiviral drug
effective against almost all DNA viruses, and its anti-MPXV activity in vivo has been demonstrated in
different monkey infection models [74]. However, cidofovir is only effective in preventing death if given
before the onset of the rash [75]. Because cidofovir causes significant nephrotoxicity and has limited efficacy
data in human MPX, the use of this drug is likely to remain limited to the treatment of severe cases [27].
CMXO001 and Brincindofovir, as cidofovir derivatives, block orthopoxvirus DNA polymerase-mediated viral
DNA synthesis. These drugs have a better renal safety profile compared to cidofovir. A UK report found
that seven patients recovered completely from MPX infection after treatment with Brincindofovir, although
three of them developed elevated alanine transaminases [58]. Vaccinia Immune Globulin Intravenous can be
used to treat MPX during outbreaks and complications due to vaccinia vaccination [7].

Conclusion and outlook

Unlike the SARS-CoV-2, which is emerging in 2019, MPXV is a re-emerging old virus. Few cases of MPX
were once reported in countries outside of Central and West Africa. However, the MPXV pandemic that broke
out in the summer of 2022 has spread to nearly 110 different countries including the United States, Canada,
Australia, and some European countries. The exact cause of the pandemic is not yet known, but it may
be related to the phasing out of Smallpox vaccination in various countries starting in 1980 [76]. Although
the threat of MPXV to global mass epidemics is much less severe than SARS-CoV-2 and the number of
MPX cases has been declining, there is still a need to focus on completely containing the outbreak. Due
to globalization and advances in transportation, humans and animals are exposed to many new diseases for
which natural immunity is lacking, thus accelerating the emergence of the unprecedented spread of infectious
diseases such as MPX. We cannot predict the next infection to emerge, but this outbreak of MPX in a non-
endemic area is a wake-up call. Outbreaks in low-resource areas have long lacked the attention and resources
needed for an effective response, such as the vast disparities in access to vaccine resources around the world.
To ensure that all MPX-affected countries end this nightmare once and for all and that humanity does not
repeat it in the future, countries must not ignore infectious agents that are considered to be geographically
limited. Whether it is health education, behavior change, or vaccination and treatment utilization, public
health organizations and countries need to take a proactive and equitable approach.
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Figure Legends

Figure 1. (A) Timeline of development related to the Mpox (MPX) outbreaks. hMPX: human Mpox,
the DRC: the Democratic Republic of the Congo, the USA: the United States of America, the UK: the
United Kingdom, WHO: the World Health Organization, PHEIC: Public Health Emergency of International
Concern. (B) World distribution map of laboratory-confirmed cases of MPX. (C) Daily confirmed cases of
MPX. (Data from WHO from January 1, 2022, to February 25, 2023)

Figure 2. Structure of Mpox virus (MPXV). MPXV has two morphological structures, the mature virus
(MV) and the extracellular enveloped virus (EV). the outside of the MV is a lipid membrane and the MV
wrapped by another lipid membrane is the EV morphological structure. Inside the membrane are a lateral
body and a dumbbell-shaped internal core containing MPXV double-stranded DNA and some other proteins.

Figure 3. Genomic structure of Mpox virus (MPXV). The genome of MPXYV is approximately 197 kb and
consists of two variable regions and a large conserved central genomic region. The central genomic region
(from C10L to A25R) consists of 101,476 bp. The terminal inverted repeat (ITR) located in the two variable
regions is 6,379 bp, and the region consists of some ORFs, an 80 bp hairpin loop, 45 bp short tandem repeats,
NRI1 (85 bp) and NR2 (322 bp) regions, and the coding region.

Figure 4. Replication cycle of Mpox virus (MPXV) and mechanism of action of some anti-poxvirus drugs.
Tecovirimat prevents the formation of cell-associated enveloped virus (CEV) and extracellular enveloped
virus (EEV), while cidofovir and brincidofovir inhibit viral DNA polymerase

Figure 5. Mpox (MPV) transmission. MPV can be transmitted in many ways. Animal-to-human transmissi-
on can occur through direct contact with the body fluids of animals infected with the MPXV (e.g., monkeys,
squirrels, etc.) or lesions of infected animals, scratching or biting of animals, and consumption of meat from
infected animals, while human-to-human transmission can occur through sexual contact and contact with
contaminated objects, respiratory secretions of these infected individuals, skin lesions, and their bedding and
clothing.

Figure 1
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