
Chapter 2
Monkeypox Virus

Nikola Sklenovská

Abstract Monkeypox virus is a member of the Orthopoxvirus genus in the
Poxviridae family. Monkeypox virus causes monkeypox, an emerging zoonotic
disease recognized as the most important orthopoxvirus infection in humans in the
smallpox post-eradication era. Many animal species, including rodents and mon-
keys, can transmit the virus. However, the animal reservoir has not been identified
yet. Human-to-human transmission exists, and the longest reported chain of trans-
mission is six generations. The clinical presentation of monkeypox is very similar to
the presentation of smallpox, i.e. the febrile prodrome is followed by a skin eruption
period. Lymphadenopathy is a typical sign of monkeypox. The case fatality of
monkeypox depends on the virus clade, and it falls between 1% and 11%. Monkey-
pox was reported in 11 countries of Central and West Africa. The disease was also
exported outside of the African continent to the USA, the UK, Israel, and Singapore.
The frequency and geographical spread of human monkeypox cases have increased
in recent years, with little understanding of the disease’s emergence, epidemiology,
and ecology. Monkeypox can be diagnosed by polymerase chain reaction performed
on lesion specimens. Serological tests and antigen detection do not provide a
definitive diagnosis given the orthopoxvirus serological cross-reactivity. Modified
vaccinia Ankara vaccine was recently approved in the USA for monkeypox preven-
tion in adults at high risk of infection. There is currently no specific treatment for
monkeypox infection.
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dsDNA Double-stranded DNA
DRC Democratic Republic of the Congo
EEV Extracellular enveloped virion
EV Enveloped virion
IEV Intracellular enveloped virion
IMV Intracellular mature virion
ITR Terminal inverted repetition
mRNA Messenger RNA
MPXV Monkeypox virus
MPXV-ZAI Monkeypox virus Zaire-96-I-16 Strain
MV Mature virion
MVA Modified vaccinia Ankara
OPV Orthopoxvirus
PCR Polymerase chain reaction
VZV Varicella-zoster virus
WA West African
WHO World Health Organization

2.1 Preamble

Monkeypox virus (MPXV) was discovered and described in the Statens Serum
Institut (Copenhagen, Denmark) in 1958 when two outbreaks of pox-like disease
were observed in cynomolgus monkeys. The institute was receiving a continuous
supply of monkeys from Singapore, which was used for polio vaccine research and
production (Magnus et al. 1959). Subsequently, multiple other laboratory outbreaks
of monkeypox were recorded in Europe and the USA in captive monkeys imported
from Asia (Arita et al. 1972). Seroprevalence studies in Asia did not find evidence of
monkeypox on the continent (Arita et al. 1972). Later it was suggested that grivets
(MPXV-susceptible monkeys also exported in large scale to Europe and North
America) could have been the source of infection of Asian monkeys during
co-transportation (Jezek and Fenner 1988). The first human monkeypox case was
reported in August 1970 in the remote village of Bokenda, in the equatorial province
of the Democratic Republic of the Congo (DRC) (Ladnyj et al. 1972).

With the eradication of smallpox in 1980 and subsequent cessation of smallpox
vaccination, monkeypox has emerged as the most important orthopoxvirus patho-
genic for humans. Monkeypox was considered a rare sporadic zoonotic disease with
a limited capacity to spread between humans in the past (WHO 1984). However, the
number of reported cases and their geographical range has increased after the
cessation of the smallpox vaccination and the disease can be life-threatening in the
DRC and other countries in West and Central Africa (Meyer et al. 2002; Rimoin
et al. 2010). Additionally, multiple exportations of the virus outside of Africa in the
past years have highlighted its global importance.

40 N. Sklenovská



2.2 Classification

MPXV is a member of the genus Orthopoxvirus (OPV) and the family Poxviridae.
MPXV is one of the five OPV species pathogenic for humans, together with variola
virus, the causative agent of smallpox, now eradicated in nature, cowpox virus,
camelpox virus, and vaccinia virus (Shchelkunov et al. 2005).

Poxviruses infect most vertebrates and invertebrates, causing a variety of diseases
of veterinary and medical importance. The family Poxviridae is divided into the
subfamily Chordopoxvirinae whose viruses infect vertebrates and the subfamily
Entomopoxvirinae which infect insects. The subfamily Chordopoxvirinae is divided
into 11 genera, one of which is OPV (Table 2.1). All OPV species, except variola
virus which is an exclusively human pathogen, have animal reservoirs and are
therefore classified as zoonotic pathogens.

2.3 The Virus

2.3.1 Morphology

Monkeypox virus, together with other poxviruses, is considered one of the largest
and most complex viruses (Ferreira Barreto-Vieira and Monika Barth 2015). They
are brick-like shaped particles with a size ranging from 220 nm to 450 nm in length
and 140 nm to 260 nm in width (Jahrling et al. 2007, pp. 215–240); therefore, MPXV
is large enough to be discerned by light microscope, with its ultrastructure resolvable
via electron microscopy. However, higher magnification provided by electron
microscopy is needed to resolve ultrastructure (Moss and Damon 2013). The
orthopox virion consists of four major elements—core, lateral bodies, outer
membrane, and the outer lipoprotein envelope. The central core contains the viral

Table 2.1 Classification of
orthopoxviruses

Family Poxviridae

Subfamily Chordopoxvirinae

Genus Orthopoxvirus

Species Camelpox virus

Cowpox virus

Ectromelia virus

Monkeypox virus

Raccoonpox virus

Skunkpox virus

Taterapox virus

Vaccinia virus

Variola virus

Volepox virus
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double-stranded DNA (dsDNA) and core fibrils, and it is surrounded by a tightly
arranged layer of rod-shaped structures known as palisade layer. The central core,
palisade layer, and the lateral bodies are enclosed together by the outer membrane
that is composed of many surface tubules (Fig. 2.1). Spontaneously released virions
often have the outer lipoprotein envelope, while virions released by cellular disrup-
tion lack this envelope (Appleyard et al. 1971; Ladnyi et al. 1988). A mature virion
contains at least 80 viral proteins (Resch et al. 2007).

2.3.2 Genome

The monkeypox genome (Fig. 2.2) is a large (197 kbp) single linear molecule of
dsDNA, which is among the largest of all viral genomes (Moss and Damon 2013).
Each end of the genome contains identical but oppositely oriented terminal reads
with a size of about 6 kbp (Shchelkunov et al. 2002) with a set of short tandem
repeats (Wittek and Moss 1980) and terminal hairpin loops (Baroudy et al. 1982).
The genome consists of about 190 nonoverlapping open reading frames (>180 bp
long) containing 60 or more amino acid residues. Of these, four are present within
the inverted terminal repetition (Seet et al. 2003; Shchelkunov et al. 2002). The
guanine and cytosine content of MPXV DNA is low, about 31.1% (Shchelkunov
et al. 2001). Two distinct genetic clades of MPXV have been characterized including
the West African (WA) and the Central African (CA) clade (Likos et al. 2005).

Sequencing of the whole genome of many OPVs has revealed a high degree of
homology in the genes located centrally, and high variability in the genes located
terminally on both sides of the genome. Conserved OPV genes are mostly involved
in essential viral functions like replication and virion assembly (Seet et al. 2003), and
the variable OPV terminal reads are likely to contribute to the virulence of different
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Fig. 2.1 Schematic representation of a poxvirus particle. Adapted from Principles of Molecular
Virology, 6th Edition (p. 46), by Alan J. Cann, 2016, UK: Elsevier. Copyright 2016 by Elsevier.
Adapted with permission
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OPVs (Afonso et al. 2002; Chen et al. 2005b; Goebel et al. 1990; Tulman et al.
2006). Many terminal genes contribute to immune evasion by interfering with
signaling, presentation, and recognition of antigens and apoptosis (Barry et al.
2004; Seet et al. 2003).

2.3.3 Replication Cycle

The replication cycle (Fig. 2.3) of poxviruses, unlike most DNA viruses, occurs in
the cytoplasm of the host cell (Buller and Palumbo 1991). Poxviruses enter cells by a
multistep process consisting of attachment, hemifusion, and core entry that can occur
at the plasma membrane or after endocytosis (Moss 2016) The exact mechanism
used by poxviruses to enter cells depends on its infectious form—mature virion
(MV) with single outer membrane or extracellular enveloped virion (EV) which has
an additional membrane with a different protein composition. For EV form, the
external EV-specific membrane is discarded exposing the underlying MV mem-
brane, which then fuses with the cell. Although MV is more abundant, EV is
specialized for cell-to-cell spread largely by its long, mobile, projections that are
formed by actin polymerization which adhere to the cell surface (Moss 2016; Moss
and Damon 2013).

The mature virion undergoes the first uncoating during its entry, and once in the
cytoplasm, the virus releases prepackaged viral proteins and enzymatic factors that
disable cell defenses and stimulate expression of early genes. This is followed by a
synthesis of early messenger RNA (mRNA) by viral DNA-dependent RNA poly-
merase. Translation of early mRNA facilitates the second uncoating process, DNA
replication, and production of intermediate transcription factors. In the following
stage, intermediate mRNA is transcribed and translated to induce the expression of
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Fig. 2.2 Schematic genome representation of Zaire-96-I-16 (MPXV-ZAI) strain isolated during
the 1996 outbreak of monkeypox in Zaire. The whole genome consists of 196,858 bp with the
central genomic region comprising of 101,476 bp (Shchelkunov et al. 2001). Both terminal vari-
ables end (right end longer than the left one) include a 6379 bp terminal inverted repetition (ITR)
(Shchelkunov et al. 2002) with approximately 80 bp long hairpin loop (Chen et al. 2005a), 70 bp or
54 bp short tandem repeats and unique ITR sequences NR 1 and NR 2 and the coding region
(Shchelkunov et al. 2002). Adapted from “Human monkeypox and smallpox viruses: a genomic
comparison” by Shchelkunov et al. (2001), FEBS Letters, 509, pp. 66–70. Copyright by JohnWiley
& Sons, Inc. and from “Analysis of the Monkeypox Virus Genome” by Shchelkunov et al. (2002),
Virology, 297, pp. 172–194. Copyright by Elsevier. Adapted with permission
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late mRNAs and its translation into structural proteins and non-structural proteins
(enzymes and early transcription factors). The translated proteins get assembled
alongside DNA concatemers formed during the early stage of replication and get
packed into immature virions that develop into intracellular mature virions (IMVs).
IMVs lack an outer membrane and are infectious only when they are released by cell
disruption. IMV particles which did not end up encased within the protein matrix of
cytoplasm become the intracellular enveloped virions (IEVs) by acquiring a second
membrane (Bray and Buller 2004; Hiller and Weber 1985; Roberts and Smith 2008).
Those migrate to the inner cell membrane with the help of microtubules and fuse
with it, forming cell-associated virions (CEVs), which trigger actin polymerization
and formation of filaments that help CEVs to leave the cell. The CEVs which have
left the cell are called extracellular enveloped virions (EEVs) (Roberts and Smith
2008).
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Fig. 2.3 Schematic representation of a poxvirus life cycle (Bray and Buller 2004). After the virion
binds and fuses with the host cell membrane, the viral core is released into the cytoplasm of the host
cell. Enzymes and factors carried within the core initiate transcription. Most virions stay in the
cytoplasm as intracellular mature virions (IMVs) and end up encased within the protein matrix of
scabs. The rest of the virions acquire an additional envelope (intracellular enveloped virions, IEVs)
and are moved and attached to the host cell membrane. These cell surface-associated enveloped
virions (CEVs) are responsible for the cell-to-cell spread of the virus, whereas extracellular
enveloped virions (EEVs) can participate in systemic spread of the virus. Virus- and host-encoded
proteins on the surface of CEV and EEV protect them against complement activation. Reprinted
from “Looking Back at Smallpox” by Bray and Buller (2004), 38, pp. 882–889. Public domain
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Both intracellular and extracellular virions play an important role in the patho-
genesis. The intracellular virions (IMV and IEV) and CEVs are responsible for the
spread of the virus from cell to cell, while EEVs are important for the systemic
spread of the virus within the infected organism (Pauli et al. 2010).

2.4 Clinical Profile

Most people infected with MPXV are symptomatic, but subclinical (asymptomatic)
infection can occur (Jezek et al. 1986, 1987c). It was suggested that subclinical
infections could constitute up to 30% of all monkeypox infections (Jezek and Fenner
1988). Limited information is available regarding the incubation period of MPXV in
humans, although recent analysis suggests 5–13 days (Nolen et al. 2016). The
longest documented incubation period was roughly 17 days (Breman et al. 1980).
However, a maximum incubation period of 21 days has been assumed for extra
caution. The incubation period, disease presentation, severity, and duration can also
be influenced by the route of infection. For example, infection via bites can result in a
shorter incubation period, absence of a distinct febrile stage, and more severe illness
than non-invasive exposures (Reynolds et al. 2006). The clinical presentation of
monkeypox closely resembles that of smallpox, although it is clinically less severe.
The major difference distinguishing monkeypox from smallpox is the occurrence of
lymph node enlargement.

The monkeypox disease in humans can be divided into two periods, the prodrome
and the rash period. The prodrome is defined by fever, headache, chills and/or
sweats, sore throat, muscle ache, lack of energy, and lymphadenopathy (Nalca
et al. 2005). The rash period usually manifests 1–3 days after the onset of fever
and lymphadenopathy, and is characterized by a few to several thousand lesions
(Jezek et al. 1987d). The lesions appear simultaneously and evolve at about the same
rate. The lesions progress from macules to papules, vesicles, pustules, and finally to
crusts. Their distribution is mainly peripheral but can cover the whole body during a
severe illness (Fig. 2.4). Depending on the severity of the illness, it takes about
2–3 weeks for the lesions to dry and desquamate (Ladnyi et al. 1988). Patients
vaccinated against smallpox with vaccinia vaccine have significantly less lesions
than non-vaccinated (Jezek and Fenner 1988).

Patients often experience gastrointestinal symptoms such as nausea, vomiting,
diarrhea, and loss of appetite. Oral and alimentary tract lesions can be apparent. Skin
perturbation from the rash can lead to secondary bacterial infection (common) and
dehydration. Ocular infections with MPXV and secondary bacterial infections can
also occur and often render the patient’s eye swollen, red, sensitive to light, and can
lead to loss of vision. The respiratory tract can also be affected; patients can present
with coughing, difficulty breathing, or bronchopneumonia. Other complications
include encephalitis and sepsis (Reynolds et al. 2017). A case fatality ranges
between 1 and 11% in unvaccinated patients (Jezek et al. 1987d; WHO 1997), and
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is generally higher in cases infected with the CA clade of the virus than with the WA
clade.

Monkeypox can clinically resemble various rash illnesses which need to be
considered during differential diagnosis. This includes smallpox (eradicated in
nature), measles, bacterial skin infections, scabies, syphilis, medication-associated
allergies, and chickenpox. The latter, chickenpox, also known as varicella (caused
by varicella-zoster virus, VZV), is most commonly confused with monkeypox (up to
50% of cases in some outbreaks) (Jezek et al. 1988b; Meyer et al. 2002) because of
the similarities in the clinical presentation of the two diseases. Unlike the varicella
lesions, the lesions of monkeypox appear simultaneously (varicella lesions appear
gradually) and they concentrate on the face, arms, and legs but can cover a whole
body (varicella lesions appear mainly on the trunk of the body) (Heymann et al.
1998). Monkeypox lesions are hard, deep, and well-circumscribed, while varicella
lesions are superficial with irregular borders (McCollum and Damon 2014). Fur-
thermore, chickenpox has a shorter and milder prodrome and clinical course,
lymphadenopathy is infrequent, and death is extremely rare (Breman 2000; Jezek
et al. 1988b). However, it was recently reported that a large proportion of varicella
patients in the DRC presented with non-typical varicella rash and clinical signs and
symptoms (Leung et al. 2019). Coinfections with both MPXV and VZV have been
reported several times (Hutin et al. 2001; Meyer et al. 2002; Morier 2014; Rimoin
et al. 2007). The role of the VZV in MPXV epidemiology is not clear.

Fig. 2.4 Typical clinical presentation of human monkeypox in a 7-year-old female child, Sankuru
District, Democratic Republic of Congo. Reprinted from “Major increase in human monkeypox
incidence 30 years after smallpox vaccination campaigns cease in the Democratic Republic of
Congo” by Anne W. Rimoin et al. 2010, PNAS, 107(37), pp. 16262–16267. Copyright by Pro-
ceedings of the National Academy of Sciences of the United States of America. Reprinted with
permission
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2.5 Pathobiology

The disease pathobiology is only partially described and is predominantly based on
animal studies. Black-tailed prairie dogs (Cynomys ludovicianus) have been shown
to mimic the human disease better than other models, experiencing a prolonged
incubation period and development of skin rash (Hutson et al. 2009).

A model of MPXV pathogenesis is depicted in Fig. 2.5. MPXV is first detected at
the local site of infection (through respiratory, percutaneous, or per mucosal expo-
sures) and is associated with an intense inflammatory response characterized by cell
necrosis, phagocytosis, vasculitis, and local replication of MPXV (Cho and Wenner
1973). This is followed by the virus multiplication occurring in the regional lym-
phatics and then in the bloodstream leading to transient primary viremia. Following
this, the virus multiplies in the spleen, liver, bone marrow, and other reticuloendo-
thelial organs (Moss and Damon 2013) but it can also be detected in other organs like
the small intestines (Hutson et al. 2015). After this, a secondary viremia period
ensues, followed by the seeding of other organs leading to clinical signs of disease
including characteristic disseminated cutaneous lesions. Monkeypox antibodies can
be detected at the same time or shortly after the cutaneous lesion presentation.

In the prairie dog model, day 12 post-infection seems to be a pivotal time
associated with unexpected deaths, uniform antibody production, and peak virus
levels. Furthermore, this was also the only point at which viable virus was recovered
from blood samples (Hutson et al. 2015).

Histopathological changes, both intracellular and in tissues, attributable to viral
infection exhibit around day 6 in affected organs (Hutson et al. 2015). Cytoplasmic
inclusion bodies are a typical intracellular histopathological feature of orthopoxvirus
infections. Two morphologies manifest, A-type inclusion bodies, where virions are
clustered within an intracytoplasmic structure, and B-type inclusions (Guarneri
bodies), which are perinuclear and contain the viroplasm and maturing viral particles
(Moss and Damon 2013). Some tissues also show prominent histopathological
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Fig. 2.5 Model of monkeypox virus pathogenesis. Adapted from “Comparison of Monkeypox
Virus Clade Kinetics and Pathology within the Prairie Dog Animal Model Using a Serial Sacrifice
Study Design” by Hutson et al. (2015), BioMed Research International, Volume 2015, Article ID
965710, 19 pages. Copyright Christina L. Hutson et al. Adapted under the Creative Commons
Attribution License
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changes at this stage of infection. Spleen samples typically exhibit neutrophil
infiltration within the red pulp and increased apoptotic or necrotic cells. Conversely,
the liver only tends to show the minimal trend of increased apoptotic cells even
though these tissues generally have similarly high loads of virus in infected animals
(Hutson et al. 2015).

While the two clades of MPXV, the CA and the WA clade, show similar onset
and range of clinical symptoms in the prairie dog animal model, they show certain
pathological differences. Generally, the CA MPXV spreads more rapidly, accumu-
lates to greater levels in tissues, and causes greater morbidity in animals compared to
the WA MPXV (Hutson et al. 2010, 2015).

2.6 Epidemiology

2.6.1 Prevalence and Incidence

Surveillance activities for monkeypox are not well established, and limited infor-
mation is available on the prevalence and incidence of the disease. To identify the
prevalence of MPXV infection of humans, serological studies of persons without
vaccination scars were carried out in the DRC, Republic of Congo, Ivory Coast, and
Sierra Leone in 1981. Of all 10,300 sera samples, 15.4% tested positive for
orthopoxvirus of which 0.71% tested positive for MPXV. Later follow-up showed
that some samples were taken from vaccinated individuals making the results
inconclusive (Jezek and Fenner 1988).

The average annual cumulative incidence for inhabitants living in forested areas
of the northern DRC between 1981 and 1986 was 1.58 per 10,000 population (Jezek
and Fenner 1988). A study in the Sankuru Province (DRC) between November 2005
and November 2007 showed an average annual cumulative incidence of 5.53 per
10,000 (2.18–14.42). This study suggested a 20-fold increase in monkeypox in the
same health zone from the 1980s (Rimoin et al. 2010). The most recent analysis of
data from the DRC between 2010 and 2015 identified an average annual cumulative
incidence of 0.13 cases per 10,000 inhabitants (Mandja et al. 2019).

Seasonal patterns of infections are undetermined: data between 1970 and 1980
suggested January–March (Breman et al. 1980); data between 1981 and 1986 (the
6-year cumulative) suggested June–August (Jezek and Fenner 1988); data between
2000 and 2009 suggested July–September; while between 2010 and 2015 suggested
January–March (Mandja et al. 2019).

2.6.2 Sex and Age

Human MPXV infections have been reported to affect all age groups. Between 1980
and 1986, however, 52% were between the ages of 0 and 4 and 37% were between
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the ages of 5 and 9. This age pattern may reflect the decrease in the collective
immunity after the cessation of the smallpox vaccination. During the same period,
there were more males (58%) than females (42%) among the primary cases, and
more females (57%) than males (43%) among the secondary cases (Jezek and Fenner
1988). This pattern was likely caused by the social roles linked with gender (e.g.,
males are more often exposed to animals and females to a sick family member)
(Jezek and Fenner 1988; Quiner et al. 2017). More recent data from Nigeria between
September 2017 and September 2018 showed that persons with confirmed MPXV
infection were between 2 days and 50 years (median 29 years) and majority were
males (69%) (Yinka-Ogunleye et al. 2019). This shift towards older age might reflect
the further decrease in immunity against OPVs.

2.6.3 Geographical Distribution

Monkeypox most commonly occurs in areas covered by rainforest in Central and
West Africa. This type of habitat has been identified as suitable for the transmission
of the virus by ecological niche models built based on the association of reported
cases and potential risk factors including environmental conditions (e.g., location,
temperature, precipitation, vegetation indexes from satellite imagery, etc.) (Ellis
et al. 2012; Nakazawa et al. 2015).

Analysis of historical data showed that most monkeypox cases are reported in
small villages in tropical rain forests which are, however, not closely surrounded by
high forest on all sides. A common situation is that they consist of groups of houses
along roads through the forests surrounded by agricultural areas (consisting of
gardens and secondary forest) and primary rain forest close by. Each of the three
zones (settlement, an agricultural area, and forest) has a characteristic fauna
(Khodakevich et al. 1987a, b). Monkeypox cases, however, have also been recorded
in urban areas of Africa (Yinka-Ogunleye et al. 2019).

Cases of confirmed human monkeypox in Africa were reported from the DRC,
Republic of Congo, Cameroon, Central African Republic, Nigeria, Liberia, Ivory
Coast, Gabon, Sierra Leone. Additionally, monkeypox has been imported to Benin
(Beninese infected in Nigeria) (Breman et al. 1980) and to South Sudan (movement
of people from DRC) (Nakazawa et al. 2013). The virus was also exported outside of
the African continent to the USA in 2003 via infected animals from Ghana (Reed
et al. 2004). Finally, multiple infected travelers from Nigeria were confirmed in the
UK (Vaughan et al. 2018) and Israel (Erez et al. 2019) in 2018 and Singapore in
2019 (Fig. 2.6).

After the first human case of monkeypox was described in 1970, a total of
59 cases of monkeypox have been confirmed in West and Central Africa till 1980
(Jezek et al. 1987b). After the declaration of smallpox eradication in 1980, monkey-
pox was designated as the most important orthopoxvirus infection in humans in the
post-smallpox eradication era resulting in establishing enhanced monkeypox sur-
veillance by the World Health Organization (WHO) in the DRC between 1981 and
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1986 (WHO 1980). During this time, 338 confirmed monkeypox cases were iden-
tified in the DRC, and much of the current knowledge on monkeypox was obtained
during this time. The total number of confirmed monkeypox cases in West and
Central Africa between 1970 and 1986 was 404 (Jezek and Fenner 1988). The
number of reported cases has dramatically decreased after the intensified surveil-
lance was discontinued (Table 2.2).

Since its discovery, there have been several prominent MPX outbreaks. A
prolonged, relatively large outbreak of 511 suspected cases was reported in DRC
in 1996–1997 (WHO 1997) but a substantial proportion might have been
chickenpox cases (WHO 1997). The longest chain of transmission was recorded in
the Republic of Congo in 2003, accounting for seven viral transmission generations
(Learned et al. 2005). In South Sudan in 2005, monkeypox was thought to have
expanded outside of its traditional ecology when it was recorded in a dry savannah
environment for the first time (Formenty et al. 2010) but it was likely an importation
from the DRC (Nakazawa et al. 2015).

An increase in monkeypox geographical range and number of cases has been
observed in recent years. The DRC has reported more than 1000 suspected cases per
year since 2005 (Durski et al. 2018). Outbreaks were reported in Sierra Leone
(2014), Liberia (2017), and Nigeria (2017) after 40 years since the first and only
occurrence. The most recent outbreak in Nigeria in 2017 was the biggest outbreak of
the West African clade ever documented. The number of monkeypox cases is likely
underestimated due to limited specific surveillance and laboratory capacity in for-
ested areas of West and Central Africa.

2.6.4 Host Species

Monkeypox is a zoonotic disease for which the natural reservoir that maintains the
virus in nature is not known. Many animal species have been identified as animals
that are susceptible to the virus, mainly rodents and non-human primates, listed in
Table 2.3 (Reynolds et al. 2019a). Non-human primates are generally accepted as
incidental hosts with no critical role in the maintenance of the virus in nature due to
the low OPV seroprevalence in these animals. Squirrels (Funisciurus spp.), giant
pouched rats (Cricetomys spp.), and African dormouse (Graphiurus spp.) and
possibly other forest rodents are considered to be the most likely reservoir hosts
based on evidence obtained from multiple fields and laboratory investigations (Doty
et al. 2017). The virus has only been isolated twice from a wild animal, a rope
squirrel (Funisciurus anerythrus) in the DRC (Khodakevich et al. 1986) and a sooty
mangabey (Cercocebus atys) in Ivory Coast (Radonić et al. 2014).
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Table 2.2 Number of suspected and confirmed human cases of monkeypox between 1970
and 2019

Country Year
Total number of cases
(confirmed cases) References

Democratic Republic of
the Congo

1970–
1986

386 (386) Jezek and Fenner
(1988)

1997 511 (?) WHO (1997)

After
1997

Not fully enumerable –

Central African Republic 1984 6 (6) Khodakevich et al.
(1985)

2001 4 (4) CDC (2015a)

2010 2 (2) Berthet et al. (2011)

2015–
2016

12 (4) Kalthan et al. (2016)

2016 26 (3) WHO (2016)

2017 ? (3) WHO (2017b)

2018–
2019

34 (25) WHO (2019b)

2018 6 (6) Besombes et al.
(2019)

Cameroon 1979 2 (1) Eozenou (1980)

1989 1 (1) Tchokoteu et al.
(1991)

2018 7 (1) Sadeuh-Mba et al.
(2019)

Nigeria 1971 2 (2) Breman et al. (1980)

2017–
2018

276 (122) Yinka-Ogunleye et al.
(2019)

Ivory Coast 1971 1 (1) Breman et al. (1980)

1981 1 (1) Merouze and Lesoin
(1983)

Liberia 1970 3 (3) Lourie et al. (1972)

1970 1 (1) Lourie et al. (1972)

2016–
2017

16 (2) WHO (2018)

Sierra Leone 1970 1 (1) Lourie et al. (1972)

2014 1 (1) Reynolds et al.
(2019b)

2017 1 (1) Ye et al. (2019)

Gabon 1987 4 (1) Meyer et al. (1991)

1991 ? Heymann et al. (1998)

Benin 1978 1 (1) Breman et al. (1980)

Republic of Congo 2003 12 (3) Learned et al. (2005)

2009 10 (2) Reynolds et al. (2013)

2017 88 (7) Doshi et al. (2018)

2019 9 (2) WHO (2019b)

(continued)
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2.6.5 Transmission

Monkeypox virus can be transmitted both from animal to human (primary transmis-
sion) and from human to human (secondary transmission). The virus can enter the
body through broken skin (even if not visible), mucous membranes (eyes and
mouth), and the respiratory tract. Primary animal to human transmission results
from direct contact with body fluids, lesion material, or respiratory droplets (the
latter being the least efficient) of infected animals (Hutson et al. 2011, 2013). Viral
shedding via urine and feces has also been documented and may represent another
exposure source (Hutson et al. 2015). Secondary human-to-human transmission is
associated with direct contact with body fluids and lesion material of infected
persons. Respiratory transmission also occurs through direct contact with large
respiratory droplets after prolonged face-to-face contact. Transmission can also
occur through virus-contaminated objects, such as bedding and clothing (Formenty
et al. 2010; Nolen et al. 2015). Transmission of the virus from infected pregnant
women to the fetus has been described. Limited information is available on the
impact of human MPXV infection on pregnancy outcomes with vertical transmis-
sion; however, case studies of miscarriage and fetal death exist (Mbala et al. 2017).
Patients are infectious from the onset of the illness (fever), and the lesions contain
infectious virus through all stages until the crusts separate and a fresh layer of skin
forms. This can take up to 4 weeks.

During 1980–1986, up to 70% of human infections were caused by primary
transmission from animals. The main presumptive risk factor for primary transmis-
sion is close contact with infected animals when hunting (Quiner et al. 2017).
Secondary transmissions were more common in persons without a history of small-
pox vaccination and those living in the same household. Among household contacts
of monkeypox cases in the DRC, there was an observed attack rate of 1.3% for
individuals vaccinated against smallpox versus 9.3% for unvaccinated individuals,
and 11.7% for age group 0–4 years (7 times higher) (Jezek et al. 1988a). A more
recent study showed an attack rate within households to be 50% (Nolen et al. 2016).

Models which used data from 1981 to 1986 calculated the human-to-human
transmission reproductive rate (R0) to be 0.8 predicting that the disease would not
be able to sustain human infections without repeated zoonotic introductions (Fine
et al. 1988; Jezek et al. 1987a). However, these older models may no longer provide

Table 2.2 (continued)

Country Year
Total number of cases
(confirmed cases) References

South Sudan 2005 49 (10) Formenty et al. (2010)

USA 2003 72 (37) Reed et al. (2004)

UK 2018 1 (1) Vaughan et al. (2018)

2018 2 (2) Vaughan et al. (2018)

Israel 2018 1 (1) Erez et al. (2019)

Singapore 2019 1 (1) WHO (2019a)
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Table 2.3 Animal species susceptible to monkeypox virus infection

Order Family Species References

Didelphimorphia Didelphidae Monodelphis domestica;
Didelphis marsupialis

Hutson et al. (2007)

Eulipotyphla Erinaceidae Atelerix spp. Hutson et al. (2007)

Lagomorpha Leporidae Oryctolagus cuniculus Marennikova and
Seluhina (1976)

Macroscelidea Macroscelididae Petrodromus
tetradactylus

Doty et al. (2017) and
Hutin et al. (2001)

Pilosa Myrmecophagidae Myrmecophaga tridactyla Peters (1966)

Rodentia Chinchillidae Chinchilla lanigera Hutson et al. (2007)

Cricetidae Sigmodon hispidus Reynolds et al. (2019a)

Dipodidae Jaculus spp. Hutson et al. (2007)

Gliridae Graphiurus spp. Doty et al. (2017), Earl
et al. (2015), and Hutson
et al. (2007)

Muridae Mus musculus; Mastomys
natalensis; Oenomys
hypoxanthus; Rattus
norvegicus

Americo et al. (2010),
Doty et al. (2017), Earl
et al. (2015), Reynolds
et al. (2012), and Reyn-
olds et al. (2019a)

Nesomyidae Cricetomys spp. Doty et al. (2017) and
Hutson et al. (2007)

Sciuridae Cynomys ludovicanus;
Funisciurus anerythrus;
F. isabella;
F. lemniscatus;
F. congicus; Heliosciurus
gambianus;
H. rufobrachium;
Protexerus strangeri;
Marmota monax;
M. bobak; Spermophilus
tridecemlineatus; Sciurus
vulgaris; Xerus sp.

Doty et al. (2017),
Falendysz et al. (2014),
Hutin et al. (2001),
Hutson et al. (2007), Jezek
and Fenner (1988),
Khodakevich et al.
(1986), Marennikova et al.
(1989), Reynolds et al.
(2010), and Sbrana et al.
(2007)

Hystricidae Atherurus africanus Jezek and Fenner (1988)

Primates Callitrichidae Callithrix jacchus Peters (1966)

Cercopithecidae Cercocebus galeritus;
C. atys; Macaca irus;
M. mulatta;
M. fascicularis
philippinensis;
Cercopithecus petaurista;
C. ascanius; C. mona;
C. neglectus; C. pogonias;
C. aethiops; C. nictitans;
C. hamlyni;
Semnopithecus spp.;
Colobus badius

Arita et al. (1972), Arita
and Henderson (1968),
Breman et al. (1977a),
Breman et al. (1977b),
Gispen et al. (1976), Jezek
and Fenner (1988), Peters
(1966), Radonić et al.
(2014), and Sauer et al.
(1960)

(continued)
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an accurate representation of the epidemic potential of the virus. This may be due to
changes within human or zoonotic populations, including the spread of HIV/AIDS,
altered access to health care facilities, altered population age structure of the
population, ecologic disturbance, and others (Antia et al. 2003). Nonetheless, a
more recent model did not suggest any changes in monkeypox transmissibility
(Blumberg and Lloyd-Smith 2013) but acknowledges that more surveillance data
is required for a reliable assessment of changes in transmissibility of monkeypox
(Blumberg et al. 2014).

2.6.6 Genetic Characterization of MPXV

Two genetic clades of MPXV have been characterized, including the WA and the
CA clade. The two clades are geographically separated and have defined epidemi-
ological and clinical differences. The WA clade demonstrates a case fatality of
between 0 and 6%, and limited human-to-human transmission has been documented
(Breman et al. 1980; Yinka-Ogunleye et al. 2019). In comparison, the CA clade
mortality can be as high as 11% (Jezek et al. 1987d), and up to 17% in children
(Breman et al. 1980). Human-to-human transmission up to six sequential events
(seven when including the primary transmission from animal to human) has been
observed (Learned et al. 2005). The WA clade has been reported in Nigeria, Liberia,
Ivory Coast and Sierra Leone, while the CA clade in Gabon, Cameroon, the
Republic of Congo, and the DRC (Chen et al. 2005b; Jezek et al. 1987d; Likos
et al. 2005; Sbrana et al. 2007).

Sustainability maps for the MPXV transmission produced by using ecological
niche modeling suggested the Cameroon Highlands as a break in the distribution of
suitable environmental conditions for the MPXV transmission. This partition of the
MPXV geographic range coincides with the WA and CA clades (Ellis et al. 2012).
This theory was supported by the analysis of many genomic sequences from MPXV

Table 2.3 (continued)

Order Family Species References

Hominidae Gorilla sp.; Pan troglo-
dytes; Pongo pygmaeus

Arita et al. (1972), Arita
and Henderson (1968),
and Peters (1966)

Hylobatidae Hylobates lar Peters (1966)

Cebidae Saimiri sciureus Peters (1966)

Lorisidae Perodicticus potto Jezek and Fenner (1988)

Carnivora Procyonidae Nasua nasua Hutson et al. (2007)

Felidae Felis spp. Jezek and Fenner (1988)
and Khodakevich et al.
(1987b)

Artiodactyla Suidae Sus scrofa Hutin et al. (2001)
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isolates covering the known geographic distribution of MPXV. However, it is not
clear whether the presence of a river (Cross or Sanaga River), change in elevation, or
change in the dominant vegetation cover is involved in the genetic differentiation of
MPXV (Nakazawa et al. 2015).

2.7 Laboratory Diagnosis

Historically, poxviruses used to be diagnosed based on their biological properties
through virus isolation assays. The morphology of viral pocks produced on a
chicken embryo chorioallantoic membrane or the reproductive ceiling temperature
in a cell culture allowed identification of particular poxviruses. However, these
methods are laborious, time-consuming (because they require virus isolation and
propagation), and are restricted to well-equipped laboratories (Jezek and Fenner
1988; Lewis-Jones 2004). Similarly, negative-stain electron microscopy was widely
used for the diagnosis of viruses before the development of molecular techniques,
but given the similar morphological characteristics of OPVs, the differentiation of
species within the genera is not possible (Ferreira Barreto-Vieira and Monika Barth
2015; Kurth and Nitsche 2007). Lesion material is the most suitable specimen for the
abovementioned techniques.

Confirmation of the MPXV infection is best done by polymerase chain reaction
(PCR) as it is the only method which can differentiate between the orthopoxvirus
species. The large central genomic region is highly conserved among OPV isolates
which explains the significant degree of cross-reactivity in various tests, whereas
terminal regions are much more variable which makes them ideal targets for
PCR-based techniques. Genes often targeted for monkeypox diagnosis are hemag-
glutinin (Ropp et al. 1995), the acidophilic-type inclusion body gene (Meyer et al.
1997), the crmB gene (Loparev et al. 2001) envelope protein gene (B6R) (Li et al.
2006), B7R gene (Shchelkunov et al. 2011), and the tumor necrosis factor binding
protein gene (Davi et al. 2019).

The most suitable specimen is lesion material—biopsy, roof, fluid, or crust
depending on the rash stage. The timing and duration of viremia are variable, and
results are often inconclusive. Therefore, the collection of blood is not recommended
for diagnostic purposes.

Protein-based methods detecting different antigens from clinical samples were
developed (Czerny et al. 1989; Hughes et al. 2014; Johann and Czerny 1993; Stern
et al. 2016b) but they are less sensitive than PCR and do not permit differentiation of
OPV (Pauli et al. 2010). Nevertheless, protein-based methods are usually robust and
well-adaptable for field use. There were two systems developed for detection of
orthopoxviruses: Tetracore Orthopox BioThreat® (Townsend et al. 2013) and
ABICAP immunofiltration system (Stern et al. 2016a).

When no virologic specimen is available, serologic diagnostic methods are very
useful for retrospective analysis. The most commonly used serologic test for poxvi-
rus diagnosis (not specific to MPXV) is antibody-capture enzyme-linked
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immunosorbent assay. The kinetics of an antibody response varies from person to
person and can be dependent on smallpox vaccination history. The optimal time for
collecting serum for IgM detection is between 4 and 56 days post-rash onset. This
antibody response typically rises during the first 2 weeks of rash illness before
eventually waning within a year. IgG titers will rise as antibody production switches
from the acute to memory phase. IgG appears soon after rash onset, rises for up to
2 months and antibodies may remain observable for a lifetime. Serum collection for
IgG detection should occur 2 weeks or more after rash onset (Karem et al. 2005).

While there are numerous diagnostic tests for clinically relevant infectious dis-
eases, there are no commercially available laboratory assays for monkeypox, includ-
ing on-site diagnostic tests (Stern et al. 2016a). Routine MPXV specimen
preparation, pathological and molecular diagnostic tests should be conducted in
BSL-2 facilities with BSL-2 work practices, while culturing MPXV specimens
should be carried out in BSL-3 facility (CDC 2015b; Jezek and Fenner 1988; Tian
and Zheng 2014) (Fig. 2.7).

2.8 Control Measures

2.8.1 Prevention

Orthopoxviruses induce cross-reactive antibodies that protect against infection from
other orthopoxvirus species. Live vaccinia virus vaccine (first generation), which
was used during the smallpox eradication program, was estimated to be 85%
effective against monkeypox infection (Fine et al. 1988). The vaccination was
ceased after smallpox eradication was declared in 1980, causing the proportion of

Virus

IgM

IgG

Detection limit

Years2 - 4
weeks

1 - 3
days

5 - 14
days

Fig. 2.7 Schematic representation of the relevant diagnostic markers. Virus: present in the blood
from the end of the incubation period, through a febrile stage and the beginning of rash stage; in the
oral mucosa from lesions which typically appear as the febrile stage is ending and the rash is
beginning; in the lesions throughout all rash stages. IgM: appears soon after the rash onset and rises
for about 2 weeks before declining and disappearing within a year. IgG: appears soon after the rash
onset, rises for about 6 weeks, and lasts for decades
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the unvaccinated population to rise. This first generation of vaccinia vaccine can
cause serious adverse events and is contradicted in pregnant women, immunocom-
promised people, and people with a history of eczema (Lane et al. 1970).

Improved manufacturing procedures allowed the development of the second,
third, and fourth generation vaccinia vaccines with reduced side effects and simpli-
fied administration. They were developed to be used in the case of the natural or
deliberate reemergence of smallpox. The major challenge is that no new develop-
ments can be evaluated against naturally occurring smallpox. One example of the
second-generation vaccines is ACAM2000, a live attenuated vaccinia vaccine
administered by bifurcated needle (like the first generation), only approved in the
USA. LC16m8 is an attenuated replication-competent third-generation vaccinia
vaccine, immunogenic after a single dose with a good safety profile licensed in
Japan (Kenner et al. 2006). Another third-generation vaccine is modified vaccinia
Ankara (MVA) requiring a two-dose administration by injection which was
approved in the European Union (marketed as IMVANEX) and Canada (marketed
as IMVAMUNE) for smallpox (Overton et al. 2018). MVA is also approved by the
US Food and Drug Administration (marketed as JYNNEOS) for prevention of
smallpox and monkeypox in adults determined to be at high risk for the infection.
This makes MVA the first approved vaccinia vaccine for monkeypox, although its
approval is based on survival data obtained in lethal MPXV challenge studies in
non-human primates (BavarianNordic 2019). MVA’s effectiveness, immunogenic-
ity, and safety are also being evaluated in healthcare personnel at risk of monkeypox
infection in the DRC (Petersen et al. 2019). The fourth generation of vaccinia
vaccines (gene-based and protein-based) is still in development phase (Buchman
et al. 2010; Hooper et al. 2004).

For the general public, there is no vaccinia vaccine available, but vaccine
stockpiles are maintained by several countries and WHO (WHO 2017a). There has
been no formal study on post-exposure use of vaccinia vaccine for monkeypox
infections, but it has been used for this purpose in the cases of imported monkeypox
to UK (Vaughan et al. 2018) and Singapore (WHO 2019a).

Given the lack of approved vaccines for monkeypox, the only prevention of this
disease involves education for health workers (Bass et al. 2013) and education of the
population at risk on the dangers of contact with sick or dead animals which could carry
the virus (Jezek and Fenner 1988). The awareness-raising should mainly focus on how
to recognize the disease and how people can protect themselves from the infection.

2.8.2 Treatment

To date, there is no approved treatment for MPXV infections. Therefore, treatment is
symptomatic and supportive. However, several investigational antivirals demon-
strate activity against MPXV in vitro and animal model systems (Yu and Raj
2019). These include cidofovir (Andrei and Snoeck 2010), brincidofovir (Lanier
et al. 2010), and tecovirimat (Berhanu et al. 2015; Yang et al. 2005), but none was
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evaluated in a clinical trial. Tecovirimat is approved by the US Food and Drug
Administration for the treatment of smallpox.

The mechanism of action of cidofovir is through the inhibition of viral DNA
polymerase. The same is true for brincidofovir, which is a modified cidofovir,
lacking nephrotoxicity and being orally available. Instead, tecovirimat targets a
specific viral product blocking the release of intracellular virus from the cell.

2.9 Zoonotic and Transboundary Threat

Monkeypox has been, until recently, considered a rare zoonotic disease. Neverthe-
less, we have seen an increase in the number of reported cases and expansion in the
geographical range in the last few years (Sklenovska and Van Ranst 2018). This is
probably caused by a myriad of factors like the reduced immunity since the cessation
of smallpox vaccination, better means of diagnosis and stronger surveillance sys-
tems, and other environmental and social factors whose scope is not fully under-
stood. Climate change and deforestation might be increasing the risk for contact
between humans and infected animals, but also the displacement of populations or
necessity might drive people into the bush looking for potentially infected meat.

Currently, monkeypox is a public health concern in various countries of Central
andWest Africa, with a seemingly increasing trend which cannot be explained solely
by improvements in surveillance (Mandja et al. 2019). MPXV was exported outside
of the African continent for the first time to the USA in 2003 through the infected
African rodents. This was followed by reports of 4 independent infected travelers
from Nigeria to UK (2), Israel (1), and Singapore (1) in 2018 and 2019, of which one
involved a secondary transmission to a health worker. These examples illustrate how
globalization, animal trade, and travel increase the transboundary threat of
monkeypox.

The threat of monkeypox would be expected to increase in the following cases: an
increase in virulence (both naturally (Blumberg and Lloyd-Smith 2013;
Shchelkunov et al. 2005) or via genetic engineering (Jackson et al. 2001)), the
virus spilling into more widely distributed taxa (Reynolds et al. 2012) or introduc-
tion in other continents (Rimoin et al. 2010). That is why MPXV belongs to the
“biosafety level 3” category, the “high threat” biodefense category in the EU (Tian
and Zheng 2014) and why it is on the list of select agents in the USA (FSAP 2017).

2.10 Conclusion and Prospects

Monkeypox virus is an emerging pathogen causing a disease of epidemic potential
about which much is still unknown. Health workers are often not aware of the
existence of monkeypox and its characteristics, laboratory capacity in the affected
countries is limited, and there is no systematic surveillance mechanism to report
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monkeypox, leaving significant gaps in our understanding of the disease epidemi-
ology and burden.

At the same time, cases of monkeypox in humans have been increasing, which is
probably driven by a combination of environmental and anthropogenic factors.
Climate change, deforestation, and war, among others, result in more frequent
contact of people with infected wildlife. Additionally, vaccination against smallpox
with vaccinia vaccine was ceased in 1980, which is still causing an increasingly
growing proportion of the population to become vulnerable to MPXV and other
orthopoxviruses.

The recent approval of the MVA vaccine for monkeypox prevention by the US
Food and Drug Administration is a significant milestone, but no monkeypox-specific
treatment options are approved, and clinical guidelines do not exist. Symptomatic
and supportive treatment is currently the only care a patient can receive; however,
experimental evidence of the efficacy of several compounds against MPXV infection
seems promising.

Considering the perceived public health importance of monkeypox in affected
countries on the one hand, and the lack of understanding and means to prevent and
control it on the other, it is clear that monkeypox needs to receive more attention.
Awareness-raising, surveillance strengthening, and diagnostic capacity building are
some of the most important activities to improve the detection, treatment, and limit
further spread of the virus. Furthermore, research activities to generate knowledge
and guide further improvement in prevention and control of monkeypox are needed.
This includes clinical trials to further test modern vaccinia vaccines and antivirals for
monkeypox.

Acknowledgements I would like to thank Henry Laurenson-Schafer for his critical scientific
review. Special thanks are due to Toon Peters for his review and continuous support. Finally, I
want to thank Marc Van Ranst from the Laboratory of Clinical and Epidemiological Virology, KU
Leuven, for being an excellent mentor and supporter of my monkeypox research.

Conflict of Interest The author declares no commercial or financial relationships that could be
construed as a potential conflict of interest.

References

Afonso CL, Tulman ER, Lu Z, Zsak L, Sandybaev NT, Kerembekova UZ, Rock DL (2002) The
genome of camelpox virus. Virology 295(1):1–9. https://doi.org/10.1006/viro.2001.1343

Americo JL, Moss B, Earl PL (2010) Identification of wild-derived inbred mouse strains highly
susceptible to monkeypox virus infection for use as small animal models. J Virol 84
(16):8172–8180. https://doi.org/10.1128/jvi.00621-10

Andrei G, Snoeck R (2010) Cidofovir activity against poxvirus infections. Viruses 2
(12):2803–2830. https://doi.org/10.3390/v2122803

Antia R, Regoes RR, Koella JC, Bergstrom CT (2003) The role of evolution in the emergence of
infectious diseases. Nature 426(6967):658–661. https://doi.org/10.1038/nature02104

60 N. Sklenovská

https://doi.org/10.1006/viro.2001.1343
https://doi.org/10.1128/jvi.00621-10
https://doi.org/10.3390/v2122803
https://doi.org/10.1038/nature02104


Appleyard G, Hapel AJ, Boulter EA (1971) An antigenic difference between intracellular and
extracellular rabbitpox virus. J Gen Virol 13(1):9–17. https://doi.org/10.1099/0022-1317-13-1-
9

Arita I, Henderson DA (1968) Smallpox and monkeypox in non-human primates. Bull World
Health Organ 39(2):277–283

Arita I, Gispen R, Kalter SS, Wah LT, Marennikova SS, Netter R, Tagaya I (1972) Outbreaks of
monkeypox and serological surveys in nonhuman primates. Bull World Health Organ 46
(5):625–631

Baroudy BM, Venkatesan S, Moss B (1982) Incompletely base-paired flip-flop terminal loops link
the two DNA strands of the vaccinia virus genome into one uninterrupted polynucleotide chain.
Cell 28(2):315–324

Barry M, Wasilenko ST, Stewart TL, Taylor JM (2004) Apoptosis regulator genes encoded by
poxviruses. Prog Mol Subcell Biol 36:19–37

Bass J, Tack DM, McCollum AM, Kabamba J, Pakuta E, Malekani J, Reynolds MG (2013)
Enhancing health care worker ability to detect and care for patients with monkeypox in the
Democratic Republic of the Congo. Int Health 5(4):237–243. https://doi.org/10.1093/inthealth/
iht029

BavarianNordic (2019) Bavarian Nordic announces US FDA approval of Jynneos (smallpox and
monkeypox vaccine, live; non-replicating) for prevention of smallpox and monkeypox disease
in adults [Press release]. http://www.bavarian-nordic.com/investor/news/news.aspx?
news¼5758. Accessed 10 Oct 2019

Berhanu A, Prigge JT, Silvera PM, Honeychurch KM, Hruby DE, Grosenbach DW (2015)
Treatment with the smallpox antiviral tecovirimat (ST-246) alone or in combination with
ACAM2000 vaccination is effective as a postsymptomatic therapy for monkeypox virus
infection. Antimicrob Agents Chemother 59(7):4296–4300. https://doi.org/10.1128/aac.
00208-15

Berthet N, Nakoune E, Whist E, Selekon B, Burguiere AM, Manuguerra JC, Kazanji M (2011)
Maculopapular lesions in the Central African Republic. Lancet 378(9799):1354. https://doi.org/
10.1016/s0140-6736(11)61142-2

Besombes C, Gonofio E, Konamna X, Selekon B, Grant R, Gessain A, Nakoune E (2019)
Intrafamily transmission of monkeypox virus, Central African Republic, 2018. Emerg Infect
Dis 25(8):1602–1604. https://doi.org/10.3201/eid2508.190112

Blumberg S, Lloyd-Smith JO (2013) Inference of R0 and transmission heterogeneity from the size
distribution of stuttering chains. PLoS Comput Biol 9(5):e1002993

Blumberg S, Funk S, Pulliam JR (2014) Detecting differential transmissibilities that affect the size
of self-limited outbreaks. PLoS Pathog 10(10):e1004452. https://doi.org/10.1371/journal.ppat.
1004452

Bray M, Buller M (2004) Looking back at smallpox. Clin Infect Dis 38(6):882–889. https://doi.org/
10.1086/381976

Breman JG (2000) Chapter: Monkeypox: an emerging infection for humans? In: Scheld WM, Craig
WA, Hughes JM (eds) Emerging infections 4. ASM Press, Washington, DC

Breman JG, Bernadou J, Nakano JH (1977a) Poxvirus in West African nonhuman primates:
serological survey results. Bull World Health Organ 55(5):605–612

Breman JG, Nakano JH, Coffi E, Godfrey H, Gautun JC (1977b) Human poxvirus disease after
smallpox eradication. Am J Trop Med Hyg 26(2):273–281. https://doi.org/10.4269/ajtmh.1977.
26.273

Breman JG, Ruti K, Steniowski MV, Zanotto E, Gromyko AI, Arita I (1980) Human monkeypox
1970–1979. http://apps.who.int/iris/bitstream/handle/10665/67095/WHO_SE_80.153.pdf?
sequence¼1&isAllowed¼y. Accessed 09 Aug 2018

Buchman GW, CohenME, Xiao Y, Richardson-Harman N, Silvera P, DeTolla LJ, Isaacs SN (2010)
A protein-based smallpox vaccine protects non-human primates from a lethal monkeypox virus
challenge. Vaccine 28(40):6627–6636. https://doi.org/10.1016/j.vaccine.2010.07.030

Buller RM, Palumbo GJ (1991) Poxvirus pathogenesis. Microbiol Rev 55(1):80–122

2 Monkeypox Virus 61

https://doi.org/10.1099/0022-1317-13-1-9
https://doi.org/10.1099/0022-1317-13-1-9
https://doi.org/10.1093/inthealth/iht029
https://doi.org/10.1093/inthealth/iht029
http://www.bavarian-nordic.com/investor/news/news.aspx?news=5758
http://www.bavarian-nordic.com/investor/news/news.aspx?news=5758
http://www.bavarian-nordic.com/investor/news/news.aspx?news=5758
https://doi.org/10.1128/aac.00208-15
https://doi.org/10.1128/aac.00208-15
https://doi.org/10.1016/s0140-6736(11)61142-2
https://doi.org/10.1016/s0140-6736(11)61142-2
https://doi.org/10.3201/eid2508.190112
https://doi.org/10.1371/journal.ppat.1004452
https://doi.org/10.1371/journal.ppat.1004452
https://doi.org/10.1086/381976
https://doi.org/10.1086/381976
https://doi.org/10.4269/ajtmh.1977.26.273
https://doi.org/10.4269/ajtmh.1977.26.273
http://apps.who.int/iris/bitstream/handle/10665/67095/WHO_SE_80.153.pdf?sequence=1&isAllowed=y
http://apps.who.int/iris/bitstream/handle/10665/67095/WHO_SE_80.153.pdf?sequence=1&isAllowed=y
http://apps.who.int/iris/bitstream/handle/10665/67095/WHO_SE_80.153.pdf?sequence=1&isAllowed=y
http://apps.who.int/iris/bitstream/handle/10665/67095/WHO_SE_80.153.pdf?sequence=1&isAllowed=y
https://doi.org/10.1016/j.vaccine.2010.07.030


CDC (2015a) About monkeypox. https://www.cdc.gov/poxvirus/monkeypox/about.html. Accessed
26 Jan 2017

CDC (2015b) Laboratory procedures. https://www.cdc.gov/poxvirus/monkeypox/lab-personnel/
lab-procedures.html. Accessed 10 Oct 2019

Chen N, Li G, Liszewski MK, Atkinson JP, Jahrling PB, Feng Z, Buller RM (2005a) Virulence
differences between monkeypox virus isolates fromWest Africa and the Congo basin. Virology
340(1):46–63. https://doi.org/10.1016/j.virol.2005.05.030

Chen N, Li G, Liszewski MK, Atkinson JP, Jahrling PB, Feng Z, Buller RM (2005b) Virulence
differences between monkeypox virus isolates from West Africa and the Congo basin. Virol J
340(1):46–63. https://doi.org/10.1016/j.virol.2005.05.030

Cho TC, Wenner HA (1973) Monkeypox virus. Bacteriol Rev 37:1–18
Czerny CP, Meyer H, Mahnel H (1989) Establishment of an ELISA for the detection of orthopox

viruses based on neutralizing monoclonal and polyclonal antibodies. Zentralblatt für
Veterinärmedizin. Reihe B. J Vet Med Ser B 36(7):537–546

Davi SD, Kissenkotter J, Faye M, Bohlken-Fascher S, Stahl-Hennig C, Faye O, Abd El Wahed A
(2019) Recombinase polymerase amplification assay for rapid detection of Monkeypox virus.
Diagn Microbiol Infect Dis 95(1):41–45. https://doi.org/10.1016/j.diagmicrobio.2019.03.015

Doshi RH, Guagliardo SAJ, Dzabatou-Babeaux A, Likouayoulou C, Ndakala N, Moses C, Petersen
BW (2018) Strengthening of surveillance during monkeypox outbreak, Republic of the Congo,
2017. Emerg Infect Dis 24(6):1158–1160. https://doi.org/10.3201/eid2406.180248

Doty JB, Malekani JM, Kalemba LN, Stanley WT, Monroe BP, Nakazawa YU, Carroll DS (2017)
Assessing monkeypox virus prevalence in small mammals at the human-animal interface in the
Democratic Republic of the Congo. Viruses 9(10):E283. https://doi.org/10.3390/v9100283

Durski KN, McCollum AM, Nakazawa Y, Petersen BW, Reynolds MG, Briand S, Khalakdina A
(2018) Emergence of monkeypox—West and Central Africa, 1970–2017. MMWR: Morbidity
Mortal Wkly Rep 67(10):306–310. https://doi.org/10.15585/mmwr.mm6710a5

Earl PL, Americo JL, Cotter CA, Moss B (2015) Comparative live bioluminescence imaging of
monkeypox virus dissemination in a wild-derived inbred mouse (Mus musculus castaneus) and
outbred African dormouse (Graphiurus kelleni). Virology 475:150–158. https://doi.org/10.
1016/j.virol.2014.11.015

Ellis CK, Carroll DS, Lash RR, Peterson AT, Damon IK, Malekani J, Formenty P (2012) Ecology
and geography of human monkeypox case occurrences across Africa. J Wildl Dis 48
(2):335–347. https://doi.org/10.7589/0090-3558-48.2.335

Eozenou P (1980) Enquête rétrospective sur un cas de monkeypox en République Unie du
Cameroun. Bull OCEAC 2(3):23–26

Erez N, Achdout H, Milrot E, Schwartz Y, Wiener-Well Y, Paran N, Schwartz E (2019) Diagnosis
of imported monkeypox, Israel, 2018. Emerg Infect Dis 25(5):980–983. https://doi.org/10.3201/
eid2505.190076

Falendysz EA, Londono-Navas AM, Meteyer CU, Pussini N, Lopera JG, Osorio JE, Rocke TE
(2014) Evaluation of monkeypox virus infection of black-tailed prairie dogs (Cynomys
ludovicianus) using in vivo bioluminescent imaging. J Wildl Dis 50(3):524–536. https://doi.
org/10.7589/2013-07-171

Ferreira Barreto-Vieira D, Monika Barth O (2015) Negative and positive staining in transmission
electron microscopy for virus diagnosis. In: Shah MM (ed) Microbiology in agriculture and
human health. InTech, Croatia

Fine PE, Jezek Z, Grab B, Dixon H (1988) The transmission potential of monkeypox virus in
human populations. Int J Epidemiol 17(3):643–650. https://doi.org/10.1093/ije/17.3.643

Formenty P, Muntasir MO, Damon I, Chowdhary V, Opoka ML, Monimart C, Abdalla MS (2010)
Human monkeypox outbreak caused by novel virus belonging to Congo Basin Clade, Sudan,
2005. Emerg Infect Dis 16(10):1539–1545

FSAP (2017) Select Agents Regulations, 42 C.F.R. Part 73
Gispen R, Brand-Saathof BB, Hekker AC (1976) Monkeypox-specific antibodies in human and

simian sera from the Ivory Coast and Nigeria. Bull World Health Organ 53(4):355–360

62 N. Sklenovská

https://www.cdc.gov/poxvirus/monkeypox/about.html
https://www.cdc.gov/poxvirus/monkeypox/lab-personnel/lab-procedures.html
https://www.cdc.gov/poxvirus/monkeypox/lab-personnel/lab-procedures.html
https://doi.org/10.1016/j.virol.2005.05.030
https://doi.org/10.1016/j.virol.2005.05.030
https://doi.org/10.1016/j.diagmicrobio.2019.03.015
https://doi.org/10.3201/eid2406.180248
https://doi.org/10.3390/v9100283
https://doi.org/10.15585/mmwr.mm6710a5
https://doi.org/10.1016/j.virol.2014.11.015
https://doi.org/10.1016/j.virol.2014.11.015
https://doi.org/10.7589/0090-3558-48.2.335
https://doi.org/10.3201/eid2505.190076
https://doi.org/10.3201/eid2505.190076
https://doi.org/10.7589/2013-07-171
https://doi.org/10.7589/2013-07-171
https://doi.org/10.1093/ije/17.3.643


Goebel SJ, Johnson GP, Perkus ME, Davis SW, Winslow JP, Paoletti E (1990) The complete DNA
sequence of vaccinia virus. Virology 179(1):247–266

Heymann DL, Szczeniowski M, Esteves K (1998) Re-emergence of monkeypox in Africa: a review
of the past six years. Br Med Bull 54(3):693–702. https://doi.org/10.1093/oxfordjournals.bmb.
a011720

Hiller G, Weber K (1985) Golgi-derived membranes that contain an acylated viral polypeptide are
used for vaccinia virus envelopment. J Virol 55(3):651–659

Hooper JW, Thompson E, Wilhelmsen C, Zimmerman M, Ichou MA, Steffen SE, Jahrling PB
(2004) Smallpox DNA vaccine protects nonhuman primates against lethal monkeypox. J Virol
78(9):4433–4443. https://doi.org/10.1128/jvi.78.9.4433-4443.2004

Hughes LJ, Goldstein J, Pohl J, Hooper JW, Lee Pitts R, Townsend MB, Karem KL (2014) A
highly specific monoclonal antibody against monkeypox virus detects the heparin binding
domain of A27. Virology 464–465:264–273. https://doi.org/10.1016/j.virol.2014.06.039

Hutin YJ, Williams RJ, Malfait P, Pebody R, Loparev VN, Ropp SL, Esposito JJ (2001) Outbreak
of human monkeypox, Democratic Republic of Congo, 1996 to 1997. Emerg Infect Dis 7
(3):434–438. https://doi.org/10.3201/eid0703.010311

Hutson CL, Lee KN, Abel J, Carroll DS, Montgomery JM, Olson VA, Regnery RL (2007)
Monkeypox zoonotic associations: insights from laboratory evaluation of animals associated
with the multi-state US outbreak. Am J Trop Med Hyg 76(4):757–768

Hutson CL, Olson VA, Carroll DS, Abel JA, Hughes CM, Braden ZH, Regnery RL (2009) A prairie
dog animal model of systemic orthopoxvirus disease using West African and Congo Basin
strains of monkeypox virus. J Gen Virol 90(Pt 2):323–333. https://doi.org/10.1099/vir.0.
005108-0

Hutson CL, Carroll DS, Self J, Weiss S, Hughes CM, Braden Z, Damon IK (2010) Dosage
comparison of Congo Basin and West African strains of monkeypox virus using a prairie dog
animal model of systemic orthopoxvirus disease. Virology 402(1):72–82. https://doi.org/10.
1016/j.virol.2010.03.012

Hutson CL, Carroll DS, Gallardo-Romero N, Weiss S, Clemmons C, Hughes CM, Damon IK
(2011) Monkeypox disease transmission in an experimental setting: prairie dog animal model.
PLoS One 6(12):e28295. https://doi.org/10.1371/journal.pone.0028295

Hutson CL, Gallardo-Romero N, Carroll DS, Clemmons C, Salzer JS, Nagy T, Damon IK (2013)
Transmissibility of the monkeypox virus clades via respiratory transmission: investigation using
the prairie dog-monkeypox virus challenge system. PLoS One 8(2):e55488. https://doi.org/10.
1371/journal.pone.0055488

Hutson CL, Carroll DS, Gallardo-Romero N, Drew C, Zaki SR, Nagy T, Damon IK (2015)
Comparison of monkeypox virus clade kinetics and pathology within the prairie dog animal
model using a serial sacrifice study design. Biomed Res Int 2015:965710. https://doi.org/10.
1155/2015/965710

Jackson RJ, Ramsay AJ, Christensen CD, Beaton S, Hall DF, Ramshaw IA (2001) Expression of
mouse interleukin-4 by a recombinant ectromelia virus suppresses cytolytic lymphocyte
responses and overcomes genetic resistance to mousepox. J Virol 75(3):1205–1210. https://
doi.org/10.1128/jvi.75.3.1205-1210.2001

Jahrling PB, Huggins JW, Ibrahim MS, Lawler JV, Martin JW (2007) Smallpox and related
orthopoxviruses. In: Dembek ZF, Borden I (eds) Medical aspects of biological warfare. Borden
Institute, Walter Reed Army Medical Center; Office of the Surgeon General, United States
Army; United States Army Medical Dept. Center and School, Washington, DC

Jezek Z, Fenner F (1988) Human monkeypox. Karger
Jezek Z, Marennikova SS, Mutumbo M, Nakano JH, Paluku KM, Szczeniowski M (1986) Human

monkeypox: a study of 2,510 contacts of 214 patients. J Infect Dis 154(4):551–555. https://doi.
org/10.1093/infdis/154.4.551

Jezek Z, Grab B, Dixon H (1987a) Stochastic model for interhuman spread of monkeypox. Am J
Epidemiol 126(6):1082–1092

2 Monkeypox Virus 63

https://doi.org/10.1093/oxfordjournals.bmb.a011720
https://doi.org/10.1093/oxfordjournals.bmb.a011720
https://doi.org/10.1128/jvi.78.9.4433-4443.2004
https://doi.org/10.1016/j.virol.2014.06.039
https://doi.org/10.3201/eid0703.010311
https://doi.org/10.1099/vir.0.005108-0
https://doi.org/10.1099/vir.0.005108-0
https://doi.org/10.1016/j.virol.2010.03.012
https://doi.org/10.1016/j.virol.2010.03.012
https://doi.org/10.1371/journal.pone.0028295
https://doi.org/10.1371/journal.pone.0055488
https://doi.org/10.1371/journal.pone.0055488
https://doi.org/10.1155/2015/965710
https://doi.org/10.1155/2015/965710
https://doi.org/10.1128/jvi.75.3.1205-1210.2001
https://doi.org/10.1128/jvi.75.3.1205-1210.2001
https://doi.org/10.1093/infdis/154.4.551
https://doi.org/10.1093/infdis/154.4.551


Jezek Z, Khodakevich LN, Wickett JF (1987b) Smallpox and its post-eradication surveillance. Bull
World Health Organ 65(4):425–434

Jezek Z, Nakano JH, Arita I, Mutombo M, Szczeniowski M, Dunn C (1987c) Serological survey for
human monkeypox infections in a selected population in Zaire. J Trop Med Hyg 90(1):31–38

Jezek Z, Szczeniowski M, Paluku KM, Mutombo M (1987d) Human monkeypox: clinical features
of 282 patients. J Infect Dis 156(2):293–298

Jezek Z, Grab B, Szczeniowski MV, Paluku KM, Mutombo M (1988a) Human monkeypox:
secondary attack rates. Bull World Health Organ 66(4):465–470

Jezek Z, Szczeniowski M, Paluku KM, Mutombo M, Grab B (1988b) Human monkeypox:
confusion with chickenpox. Acta Tropica 45(4):297–307

Johann S, Czerny CP (1993) A rapid antigen capture ELISA for the detection of orthopox viruses.
Zentralblatt für Veterinärmedizin. Reihe B. J Vet Med Ser B 40(8):569–581

Kalthan E, Dondo-Fongbia JP, Yambele S, Dieu-Creer LR, Zepio R, Pamatika CM (2016) Twelve
cases of monkeypox virus outbreak in Bangassou District (Central African Republic) in
December 2015. Bull Soc Pathol Exot 109(5):358–363. https://doi.org/10.1007/s13149-016-
0516-z

Karem KL, Reynolds M, Braden Z, Lou G, Bernard N, Patton J, Damon IK (2005) Characterization
of acute-phase humoral immunity to monkeypox: use of immunoglobulin M enzyme-linked
immunosorbent assay for detection of monkeypox infection during the 2003 North American
outbreak. Clin Diagn Lab Immunol 12(7):867–872. https://doi.org/10.1128/cdli.12.7.867-872.
2005

Kenner J, Cameron F, Empig C, Jobes DV, Gurwith M (2006) LC16m8: an attenuated smallpox
vaccine. Vaccine 24(47–48):7009–7022. https://doi.org/10.1016/j.vaccine.2006.03.087

Khodakevich L, Widy-Wirski R, Arita I, Marennikova SS, Nakano J, Meunier D (1985)
Orthopoxvirose simienne de l’home en république centrafricaine. Bull Soc Pathol Exot
78:311–320

Khodakevich L, Jezek Z, Kinzanzka K (1986) Isolation of monkeypox virus from wild squirrel
infected in nature. Lancet 1(8472):98–99

Khodakevich L, Szczeniowski M, Manbu ma D, Jezek Z, Marennikova S, Nakano J, Messinger D
(1987a) The role of squirrels in sustaining monkeypox virus transmission. Trop Geogr Med 39
(2):115–122

Khodakevich L, Szczeniowski M, Nambu ma D, Jezek Z, Marennikova S, Nakano J, Meier F
(1987b) Monkeypox virus in relation to the ecological features surrounding human settlements
in Bumba Zone, Zaire. Trop Geogr Med 39(1):56–63

Kurth A, Nitsche A (2007) Fast and reliable diagnostic methods for the detection of human poxvirus
infections. Future Virol 2(5):467–479

Ladnyi ID, Jezek Z, Fenner F, Henderson DA, Arita I (1988) Chapter: Human monkeypox and
other poxvirus infections of man. In: Smallpox and its eradication. WHO

Ladnyj ID, Ziegler P, Kima E (1972) A human infection caused by monkeypox virus in Basankusu
Territory, Democratic Republic of the Congo. Bull World Health Organ 46(5):593–597

Lane JM, Ruben FL, Neff JM, Millar JD (1970) Complications of smallpox vaccination, 1968:
results of ten statewide surveys. J Infect Dis 122(4):303–309. https://doi.org/10.1093/infdis/
122.4.303

Lanier R, Trost L, Tippin T, Lampert B, Robertson A, Foster S, Painter G (2010) Development of
CMX001 for the treatment of poxvirus infections. Viruses 2(12):2740–2762. https://doi.org/10.
3390/v2122740

Learned LA, Reynolds MG, Wassa DW, Li Y, Olson VA, Karem K, Damon IK (2005) Extended
interhuman transmission of monkeypox in a hospital community in the Republic of the Congo,
2003. Am J Trop Med Hyg 73(2):428–434

Leung J, McCollum AM, Radford K, Hughes C, Lopez AS, Guagliardo SAJ, Marin M (2019)
Varicella in Tshuapa Province, Democratic Republic of Congo, 2009–2014. Trop Med Int
Health 24(7):839–848. https://doi.org/10.1111/tmi.13243

Lewis-Jones S (2004) Zoonotic poxvirus infections in humans. Curr Opin Infect Dis 17(2):81–89

64 N. Sklenovská

https://doi.org/10.1007/s13149-016-0516-z
https://doi.org/10.1007/s13149-016-0516-z
https://doi.org/10.1128/cdli.12.7.867-872.2005
https://doi.org/10.1128/cdli.12.7.867-872.2005
https://doi.org/10.1016/j.vaccine.2006.03.087
https://doi.org/10.1093/infdis/122.4.303
https://doi.org/10.1093/infdis/122.4.303
https://doi.org/10.3390/v2122740
https://doi.org/10.3390/v2122740
https://doi.org/10.1111/tmi.13243


Li Y, Olson VA, Laue T, Laker MT, Damon IK (2006) Detection of monkeypox virus with real-
time PCR assays. J Clin Virol 36(3):194–203. https://doi.org/10.1016/j.jcv.2006.03.012

Likos AM, Sammons SA, Olson VA, Frace AM, Li Y, Olsen-Rasmussen M, Damon IK (2005) A
tale of two clades: monkeypox viruses. J Gen Virol 86(Pt 10):2661–2672. https://doi.org/10.
1099/vir.0.81215-0

Loparev VN, Massung RF, Esposito JJ, Meyer H (2001) Detection and differentiation of old world
orthopoxviruses: restriction fragment length polymorphism of the crmB gene region. J Clin
Microbiol 39(1):94–100. https://doi.org/10.1128/jcm.39.1.94-100.2001

Lourie B, Bingham PG, Evans HH, Foster SO, Nakano JH, Herrmann KL (1972) Human infection
with monkeypox virus: laboratory investigation of six cases in West Africa. Bull World Health
Organ 46(5):633–639

Magnus P v, Andersen EK, Petersen KB, Birch-Andersen A (1959) A pox-like disease in
cynomolgus monkeys. APMIS 46(2):156–176. https://doi.org/10.1111/j.1699-0463.1959.
tb00328.x

Mandja BM, Brembilla A, Handschumacher P, Bompangue D, Gonzalez JP, Muyembe JJ, Mauny
F (2019) Temporal and spatial dynamics of monkeypox in Democratic Republic of Congo,
2000–2015. Ecohealth 16(3):476–487. https://doi.org/10.1007/s10393-019-01435-1

Marennikova SS, Seluhina EM (1976) Susceptibility of some rodent species to monkeypox virus,
and course of the infection. Bull World Health Organ 53(1):13–20

Marennikova SS, Shelukhina EM, Zhukova OA (1989) Experimental infection of squirrels Sciurus
vulgaris by monkey pox virus. Acta Virol 33(4):399

Mbala PK, Huggins JW, Riu-Rovira T, Ahuka SM, Mulembakani P, Rimoin AW, Muyembe JT
(2017) Maternal and fetal outcomes among pregnant women with human monkeypox infection
in the Democratic Republic of Congo. J Infect Dis 216(7):824–828. https://doi.org/10.1093/
infdis/jix260

McCollum AM, Damon IK (2014) Human monkeypox. Clin Infect Dis 58(2):260–267. https://doi.
org/10.1093/cid/cit703

Merouze F, Lesoin JJ (1983) Monkeypox: second cas humain observe en Cote D’Ivoire. Méd Trop
43(2):145–147

Meyer A, Esposito JJ, Gras F, Kolakowski T, Fatras M, Muller G (1991) Premiere apparition au
Gabon de monkey-pox chez l’homme. Méd Trop 51:53–57

Meyer H, Ropp SL, Esposito JJ (1997) Gene for A-type inclusion body protein is useful for a
polymerase chain reaction assay to differentiate orthopoxviruses. J Virol Methods 64
(2):217–221

Meyer H, Perrichot M, Stemmler M, Emmerich P, Schmitz H, Varaine F, Formenty P (2002)
Outbreaks of disease suspected of being due to human monkeypox virus infection in the
Democratic Republic of Congo in 2001. J Clin Microbiol 40(8):2919–2921

Morier DS (2014) Human monkeypox in the Democratic Republic of Congo: presentation, predic-
tion and animal exposures associated with rash severity. (PhD), UCLA, Los Angeles

Moss B (2016) Membrane fusion during poxvirus entry. Semin Cell Dev Biol 60:89–96. https://doi.
org/10.1016/j.semcdb.2016.07.015

Moss B, Damon I (2013) Chapter: Poxviridae. In: Knipe DM, Howley PM (eds) Fields virology,
6th edn. Wolters Kluwer Health/Lippincott Williams & Wilkins, Philadelphia

Nakazawa Y, Emerson GL, Carroll DS, Zhao H, Li Y, Reynolds MG, Damon IK (2013) Phyloge-
netic and ecologic perspectives of a monkeypox outbreak, southern Sudan, 2005. Emerg Infect
Dis 19(2):237–245. https://doi.org/10.3201/eid1902.121220

Nakazawa Y, Mauldin MR, Emerson GL, Reynolds MG, Lash RR, Gao J, Carroll DS (2015) A
phylogeographic investigation of African monkeypox. Viruses 7(4):2168–2184. https://doi.org/
10.3390/v7042168

Nalca A, Rimoin AW, Bavari S, Whitehouse CA (2005) Reemergence of monkeypox: prevalence,
diagnostics, and countermeasures. Clin Infect Dis 41(12):1765–1771. https://doi.org/10.1086/
498155

2 Monkeypox Virus 65

https://doi.org/10.1016/j.jcv.2006.03.012
https://doi.org/10.1099/vir.0.81215-0
https://doi.org/10.1099/vir.0.81215-0
https://doi.org/10.1128/jcm.39.1.94-100.2001
https://doi.org/10.1111/j.1699-0463.1959.tb00328.x
https://doi.org/10.1111/j.1699-0463.1959.tb00328.x
https://doi.org/10.1007/s10393-019-01435-1
https://doi.org/10.1093/infdis/jix260
https://doi.org/10.1093/infdis/jix260
https://doi.org/10.1093/cid/cit703
https://doi.org/10.1093/cid/cit703
https://doi.org/10.1016/j.semcdb.2016.07.015
https://doi.org/10.1016/j.semcdb.2016.07.015
https://doi.org/10.3201/eid1902.121220
https://doi.org/10.3390/v7042168
https://doi.org/10.3390/v7042168
https://doi.org/10.1086/498155
https://doi.org/10.1086/498155


Nolen LD, Osadebe L, Katomba J, Likofata J, Mukadi D, Monroe B, Reynolds MG (2015)
Introduction of monkeypox into a community and household: risk factors and zoonotic reser-
voirs in the Democratic Republic of the Congo. Am J Trop Med Hyg 93(2):410–415. https://doi.
org/10.4269/ajtmh.15-0168

Nolen LD, Osadebe L, Katomba J, Likofata J, Mukadi D, Monroe B, Reynolds MG (2016)
Extended human-to-human transmission during a monkeypox outbreak in the Democratic
Republic of the Congo. Emerg Infect Dis 22(6):1014–1021. https://doi.org/10.3201/eid2206.
150579

Overton ET, Lawrence SJ, Wagner E, Nopora K, Rosch S, Young P, Chaplin P (2018) Immuno-
genicity and safety of three consecutive production lots of the non-replicating smallpox vaccine
MVA: a randomised, double blind, placebo controlled phase III trial. PLoS One 13(4):
e0195897. https://doi.org/10.1371/journal.pone.0195897

Pauli G, Blümel J, Burger R, Drosten C, Gröner A, Gürtler L, von König CHW (2010) Orthopox
viruses: infections in humans. Transfus Med Hemother Offizielles Organ der Deutschen Gesell-
schaft für Transfusionsmedizin und Immunhämatologie 37(6):351–364

Peters JC (1966) An epizootic of monkey pox at Rotterdam ZOO. Int Zoo Yearb 6(1):274–275.
https://doi.org/10.1111/j.1748-1090.1966.tb01794.x

Petersen BW, Kabamba J, McCollum AM, Lushima RS, Wemakoy EO, Muyembe Tamfum JJ,
Reynolds MG (2019) Vaccinating against monkeypox in the Democratic Republic of the
Congo. Antiviral Res 162:171–177. https://doi.org/10.1016/j.antiviral.2018.11.004

Quiner CA, Moses C, Monroe BP, Nakazawa Y, Doty JB, Hughes CM, Reynolds MG (2017)
Presumptive risk factors for monkeypox in rural communities in the Democratic Republic of the
Congo. PLoS One 12(2):e0168664. https://doi.org/10.1371/journal.pone.0168664

Radonić A, Metzger S, Dabrowski PW, Couacy-Hymann E, Schuenadel L, Kurth A, Nitsche A
(2014) Fatal Monkeypox in Wild-Living Sooty Mangabey, Côte d’Ivoire, 2012. Emerg Infect
Dis 20(6):1009–1011

Reed KD, Melski JW, Graham MB, Regnery RL, Sotir MJ, Wegner MV, Damon IK (2004) The
detection of monkeypox in humans in the Western Hemisphere. N Engl J Med 350(4):342–350.
https://doi.org/10.1056/NEJMoa032299

Resch W, Hixson KK, Moore RJ, Lipton MS, Moss B (2007) Protein composition of the vaccinia
virus mature virion. Virology 358(1):233–247. https://doi.org/10.1016/j.virol.2006.08.025

Reynolds MG, Yorita KL, Kuehnert MJ, Davidson WB, Huhn GD, Holman RC, Damon IK (2006)
Clinical manifestations of human monkeypox influenced by route of infection. J Infect Dis 194
(6):773–780. https://doi.org/10.1086/505880

Reynolds MG, Carroll DS, Olson VA, Hughes C, Galley J, Likos A, Damon IK (2010) A silent
enzootic of an orthopoxvirus in Ghana, West Africa: evidence for multi-species involvement in
the absence of widespread human disease. Am J Trop Med Hyg 82(4):746–754

Reynolds MG, Carroll DS, Karem KL (2012) Factors affecting the likelihood of monkeypox’s
emergence and spread in the post-smallpox era. Curr Opin Virol 2(3):335–343. https://doi.org/
10.1016/j.coviro.2012.02.004

Reynolds MG, Emerson GL, Pukuta E, Karhemere S, Muyembe JJ, Bikindou A, Mombouli JV
(2013) Detection of human monkeypox in the Republic of the Congo following intensive
community education. Am J Trop Med Hyg 88(5):982–985

Reynolds MG, McCollum AM, Nguete B, Shongo Lushima R, Petersen BW (2017) Improving the
care and treatment of monkeypox patients in low-resource settings: applying evidence from
contemporary biomedical and smallpox biodefense research. Viruses 9(12):E380

Reynolds MG, Doty JB, McCollum AM, Olson VA, Nakazawa Y (2019a) Monkeypox
re-emergence in Africa: a call to expand the concept and practice of One Health. Expert Rev
Anti-Infect Ther 17(2):129–139. https://doi.org/10.1080/14787210.2019.1567330

Reynolds MG, Wauquier N, Li Y, Satheshkumar PS, Kanneh LD, Monroe B, Moses LM (2019b)
Human monkeypox in Sierra Leone after 44-Year absence of reported cases. Emerg Infect Dis
25(5):1023–1025. https://doi.org/10.3201/eid2505.180832

66 N. Sklenovská

https://doi.org/10.4269/ajtmh.15-0168
https://doi.org/10.4269/ajtmh.15-0168
https://doi.org/10.3201/eid2206.150579
https://doi.org/10.3201/eid2206.150579
https://doi.org/10.1371/journal.pone.0195897
https://doi.org/10.1111/j.1748-1090.1966.tb01794.x
https://doi.org/10.1016/j.antiviral.2018.11.004
https://doi.org/10.1371/journal.pone.0168664
https://doi.org/10.1056/NEJMoa032299
https://doi.org/10.1016/j.virol.2006.08.025
https://doi.org/10.1086/505880
https://doi.org/10.1016/j.coviro.2012.02.004
https://doi.org/10.1016/j.coviro.2012.02.004
https://doi.org/10.1080/14787210.2019.1567330
https://doi.org/10.3201/eid2505.180832


Rimoin AW, Kisalu N, Kebela-Ilunga B, Mukaba T, Wright LL, Formenty P, Meyer H (2007)
Endemic human monkeypox, Democratic Republic of Congo, 2001–2004. Emerg Infect Dis 13
(6):934–937. https://doi.org/10.3201/eid1306.061540

Rimoin AW, Mulembakani PM, Johnston SC, Lloyd Smith JO, Kisalu NK, Kinkela TL, Muyembe
J-J (2010) Major increase in human monkeypox incidence 30 years after smallpox vaccination
campaigns cease in the Democratic Republic of Congo. Proc Natl Acad Sci U S A 107
(37):16262–16267. https://doi.org/10.1073/pnas.1005769107

Roberts KL, Smith GL (2008) Vaccinia virus morphogenesis and dissemination. Trends Microbiol
16(10):472–479. https://doi.org/10.1016/j.tim.2008.07.009

Ropp SL, Jin Q, Knight JC, Massung RF, Esposito JJ (1995) PCR strategy for identification and
differentiation of small pox and other orthopoxviruses. J Clin Microbiol 33(8):2069–2076

Sadeuh-Mba SA, Yonga MG, Els M, Batejat C, Eyangoh S, Caro V, Njouom R (2019) Monkeypox
virus phylogenetic similarities between a human case detected in Cameroon in 2018 and the
2017–2018 outbreak in Nigeria. Infect Genet Evol 69:8–11. https://doi.org/10.1016/j.meegid.
2019.01.006

Sauer RM, Prier JE, Buchanan RS, Creamer AA, Fegley HC (1960) Studies on a pox disease of
monkeys. I. Pathology. Am J Vet Res 21:377–380

Sbrana E, Xiao SY, Newman PC, Tesh RB (2007) Comparative pathology of North American and
central African strains of monkeypox virus in a ground squirrel model of the disease. Am J Trop
Med Hyg 76(1):155–164

Seet BT, Johnston JB, Brunetti CR, Barrett JW, Everett H, Cameron C, McFadden G (2003)
Poxviruses and immune evasion. Annu Rev Immunol 21:377–423. https://doi.org/10.1146/
annurev.immunol.21.120601.141049

Shchelkunov SN, Totmenin AV, Babkin IV, Safronov PF, Ryazankina OI, Petrov NA,
Sandakhchiev LS (2001) Human monkeypox and smallpox viruses: genomic comparison.
FEBS Lett 509(1):66–70. https://doi.org/10.1016/s0014-5793(01)03144-1

Shchelkunov SN, Totmenin AV, Safronov PF, Mikheev MV, Gutorov VV, Ryazankina OI, Moss B
(2002) Analysis of the monkeypox virus genome. Virology 297(2):172–194. https://doi.org/10.
1006/viro.2002.1446

Shchelkunov SN, Marennikova SS, Moyer RW (2005) Chapter: Classification of poxviruses and
brief characterization of the genus. In: Orthopoxviruses pathogenic for humans. Springer, USA

Shchelkunov SN, Shcherbakov DN, Maksyutov RA, Gavrilova EV (2011) Species-specific iden-
tification of variola, monkeypox, cowpox, and vaccinia viruses by multiplex real-time PCR
assay. J Virol Methods 175(2):163–169. https://doi.org/10.1016/j.jviromet.2011.05.002

Sklenovska N, Van Ranst M (2018) Emergence of monkeypox as the most important orthopoxvirus
infection in humans. Front Public Health 6:241. https://doi.org/10.3389/fpubh.2018.00241

Stern D, Olson VA, Smith SK, Pietraszczyk M, Miller L, Miethe P, Nitsche A (2016a) Rapid and
sensitive point-of-care detection of orthopoxviruses by ABICAP immunofiltration. Virol J
13:207

Stern D, Pauly D, Zydek M, Miller L, Piesker J, Laue M, Nitsche A (2016b) Development of a
genus-specific antigen capture ELISA for orthopoxviruses—target selection and optimized
screening. PLoS One 11(3):e0150110. https://doi.org/10.1371/journal.pone.0150110

Tchokoteu PF, Kago I, Tetanye E, Ndoumbe P, Pignon D, Mbede J (1991) Variole ou varicelle
grave? Un cas de variole humaine a monkeypox virus chez un enfant camerounais. Ann Soc
Belge Méd Trop 71:123–128

Tian D, Zheng T (2014) Comparison and analysis of biological agent category lists based on
biosafety and biodefense. PLoS One 9(6):e101163

Townsend MB, MacNeil A, Reynolds MG, Hughes CM, Olson VA, Damon IK, Karem KL (2013)
Evaluation of the Tetracore Orthopox BioThreat® antigen detection assay using laboratory
grown orthopoxviruses and rash illness clinical specimens. J Virol Methods 187(1):37–42.
https://doi.org/10.1016/j.jviromet.2012.08.023

Tulman ER, Delhon G, Afonso CL, Lu Z, Zsak L, Sandybaev NT, Rock DL (2006) Genome of
horsepox virus. J Virol 80(18):9244–9258

2 Monkeypox Virus 67

https://doi.org/10.3201/eid1306.061540
https://doi.org/10.1073/pnas.1005769107
https://doi.org/10.1016/j.tim.2008.07.009
https://doi.org/10.1016/j.meegid.2019.01.006
https://doi.org/10.1016/j.meegid.2019.01.006
https://doi.org/10.1146/annurev.immunol.21.120601.141049
https://doi.org/10.1146/annurev.immunol.21.120601.141049
https://doi.org/10.1016/s0014-5793(01)03144-1
https://doi.org/10.1006/viro.2002.1446
https://doi.org/10.1006/viro.2002.1446
https://doi.org/10.1016/j.jviromet.2011.05.002
https://doi.org/10.3389/fpubh.2018.00241
https://doi.org/10.1371/journal.pone.0150110
https://doi.org/10.1016/j.jviromet.2012.08.023


Vaughan A, Aarons E, Astbury J, Balasegaram S, Beadsworth M, Beck CR, Wilburn J (2018) Two
cases of monkeypox imported to the United Kingdom, September 2018. Euro Surveill 23
(38):1800509. https://doi.org/10.2807/1560-7917.Es.2018.23.38.1800509

WHO (1980) The global eradication of smallpox: final report of the global commission for the
certification of smallpox eradication. WHO

WHO (1984) The current status of human monkeypox: memorandum from a WHO Meeting. Bull
World Health Organ 62(5):703–713

WHO (1997) Human monkeypox in Kasai Oriental, Democratic Republic of Congo (former Zaire).
Preliminary report of October 1997 investigation. Wkly Epidemiol Rec 72:369–372

WHO (2016) Monkeypox in Central African Republic. http://www.who.int/csr/don/13-october-
2016-monkeypox-caf/en/. Accessed 10 May 2017

WHO (2017a) Operational framework for deployment of the World Health Organization smallpox
vaccine emergency stockpile in response to a smallpox event. http://www.who.int/csr/disease/
icg/smallpox-vaccine-emergency-stockpile. Accessed 21 Aug 2019

WHO (2017b) Weekly bulletin on outbreaks and other emergencies, week 28 2017. http://apps.
who.int/iris/bitstream/10665/255895/1/OEW28-81472017.pdf. Accessed 22 Mar 2018

WHO (2018) Weekly bulletin on outbreaks and other emergencies, week 8 2018. http://apps.who.
int/iris/bitstream/10665/260335/1/OEW8-1723022018.pdf. Accessed 22 Mar 2018

WHO (2019a) Monkeypox—Singapore. https://www.who.int/csr/don/16-may-2019-monkeypox-
singapore/en/. Accessed 20 Aug 2019

WHO (2019b) Weekly bulletin on outbreaks and other emergencies, week 20 2019. https://apps.
who.int/iris/bitstream/handle/10665/324819/OEW20-1319052019.pdf. Accessed 28 Aug 2019

Wittek R, Moss B (1980) Tandem repeats within the inverted terminal repetition of vaccinia virus
DNA. Cell 21(1):277–284

Yang G, Pevear DC, Davies MH, Collett MS, Bailey T, Rippen S, Jordan R (2005) An orally
bioavailable antipoxvirus compound (ST-246) inhibits extracellular virus formation and pro-
tects mice from lethal orthopoxvirus challenge. J Virol 79(20):13139–13149. https://doi.org/10.
1128/jvi.79.20.13139-13149.2005

Ye F, Song J, Zhao L, Zhang Y, Xia L, Zhu L, Tan W (2019) Molecular evidence of human
monkeypox virus infection, Sierra Leone. Emerg Infect Dis 25(6):1220–1222. https://doi.org/
10.3201/eid2506.180296

Yinka-Ogunleye A, Aruna O, Dalhat M, Ogoina D, McCollum A, Disu Y, Ihekweazu C (2019)
Outbreak of human monkeypox in Nigeria in 2017–18: a clinical and epidemiological report.
Lancet Infect Dis 19(8):872–879. https://doi.org/10.1016/s1473-3099(19)30294-4

Yu J, Raj SM (2019) Efficacy of three key antiviral drugs used to treat orthopoxvirus infections: a
systematic review. Global Biosecur 1(1):28–73

68 N. Sklenovská

https://doi.org/10.2807/1560-7917.Es.2018.23.38.1800509
http://www.who.int/csr/don/13-october-2016-monkeypox-caf/en/
http://www.who.int/csr/don/13-october-2016-monkeypox-caf/en/
http://www.who.int/csr/disease/icg/smallpox-vaccine-emergency-stockpile
http://www.who.int/csr/disease/icg/smallpox-vaccine-emergency-stockpile
http://apps.who.int/iris/bitstream/10665/255895/1/OEW28-81472017.pdf
http://apps.who.int/iris/bitstream/10665/255895/1/OEW28-81472017.pdf
http://apps.who.int/iris/bitstream/10665/260335/1/OEW8-1723022018.pdf
http://apps.who.int/iris/bitstream/10665/260335/1/OEW8-1723022018.pdf
https://www.who.int/csr/don/16-may-2019-monkeypox-singapore/en/
https://www.who.int/csr/don/16-may-2019-monkeypox-singapore/en/
https://apps.who.int/iris/bitstream/handle/10665/324819/OEW20-1319052019.pdf
https://apps.who.int/iris/bitstream/handle/10665/324819/OEW20-1319052019.pdf
https://doi.org/10.1128/jvi.79.20.13139-13149.2005
https://doi.org/10.1128/jvi.79.20.13139-13149.2005
https://doi.org/10.3201/eid2506.180296
https://doi.org/10.3201/eid2506.180296
https://doi.org/10.1016/s1473-3099(19)30294-4

	Chapter 2: Monkeypox Virus
	2.1 Preamble
	2.2 Classification
	2.3 The Virus
	2.3.1 Morphology
	2.3.2 Genome
	2.3.3 Replication Cycle

	2.4 Clinical Profile
	2.5 Pathobiology
	2.6 Epidemiology
	2.6.1 Prevalence and Incidence
	2.6.2 Sex and Age
	2.6.3 Geographical Distribution
	2.6.4 Host Species
	2.6.5 Transmission
	2.6.6 Genetic Characterization of MPXV

	2.7 Laboratory Diagnosis
	2.8 Control Measures
	2.8.1 Prevention
	2.8.2 Treatment

	2.9 Zoonotic and Transboundary Threat
	2.10 Conclusion and Prospects
	References


