
Vol.:(0123456789)1 3

Human Cell (2023) 36:877–893 
https://doi.org/10.1007/s13577-023-00870-1

REVIEW ARTICLE

Emergence of monkeypox: a worldwide public health crisis

J. P. Shabaaz Begum1  · Leirika Ngangom1  · Prabhakar Semwal1  · Sakshi Painuli2  · Rohit Sharma3  · 
Ashim Gupta4,5,6,7 

Received: 20 November 2022 / Accepted: 28 January 2023 / Published online: 7 February 2023 
© The Author(s) under exclusive licence to Japan Human Cell Society 2023

Abstract
The human monkeypox virus (MPV), a zoonotic illness that was hitherto solely prevalent in Central and West Africa, has 
lately been discovered to infect people all over the world and has become a major threat to global health. Humans uninten-
tionally contract this zoonotic orthopoxvirus, which resembles smallpox, when they come into contact with infected animals. 
Studies show that the illness can also be transferred through frequent proximity, respiratory droplets, and household linens 
such as towels and bedding. However, MPV infection does not presently have a specified therapy. Smallpox vaccinations 
provide cross-protection against MPV because of antigenic similarities. Despite scant knowledge of the genesis, epidemiol-
ogy, and ecology of the illness, the incidence and geographic distribution of monkeypox outbreaks have grown recently. 
Polymerase chain reaction technique on lesion specimens can be used to detect MPV. Vaccines like ACAM2000, vaccinia 
immune globulin intravenous (VIG-IV), and JYNNEOS (brand name: Imvamune or Imvanex) as well as FDA-approved 
antiviral medications such as brincidofovir (brand name: Tembexa), tecovirimat (brand name: TPOXX or ST-246), and 
cidofovir (brand name: Vistide) are used as therapeutic medications against MPV. In this overview, we provide an outline of 
the MPV’s morphology, evolution, mechanism, transmission, diagnosis, preventative measures, and therapeutic approaches. 
This study offers the fundamental information required to prevent and manage any further spread of this emerging virus.
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Introduction

Monkeypox virus (MPV), a member of the Poxviridae 
family and the Orthopoxvirus (OPV) genus, is causative 
for the unusual zoonotic disease referred to as monkeypox. 
Genus OPV includes variola virus, cowpox, camelpox, 
vaccinia virus, and MPV, which can infect humans and 
cause serious diseases [1]. An unprecedented and abrupt 
epidemic of monkeypox disease in various countries 
around the world has suddenly arisen as a cause for alarm. 
Earlier cases of “monkey smallpox” were especially preva-
lent in Central and West Africa with similar symptoms to 
smallpox, but a milder infection that primarily presents as 
a high fever, headache, lymphadenopathy, and systemic 
pustules and blisters. Case mortality rates range from 1 to 
10%. The current MPV outbreak is the biggest and most 
widespread non-endemic outbreak ever recorded. In con-
trast to prior outbreaks, there is no definite evidence tying 
the afflicted people to a common factor of virus exposure, 
including visiting an endemic region or getting into touch 
with infected animals. The vast majority of people affected 
are younger or middle-aged men who have sex with men 
(MSM) and have recently engaged in sexual activity 
with new or multiple partners. The virus tends to spread 
through intimate physical contact [2], albeit the transmis-
sion dynamics and route of infection are yet unknown. 
Patients who have been diagnosed are recommended to 
isolate, and their close contacts are tracked down. As of 
July 12, 2022, there have been no MPV-related fatalities 
reported in the non-endemic zones [3]. Given the unprec-
edented extent of human-to-human transmission and the 
sharp rise in cases, World Health Organization (WHO) 
raised the risk level of MPV to moderate, with a high-
risk level in the European Region, which is home to more 
than 80% of all new MPV infections. In 110 countries, 
there are more than thousands of instances of monkeypox 
virus infection that have been verified as a result of this 
outbreak, which is rapidly spreading and affecting humans.

An international public health community-wide 
response has been sparked by these incidents [4]. Although 
a monkeypox infection can cause illness that is clinically 
identical to smallpox, it is thought to travel slowly, reduc-
ing the probability of a widespread, quickly spreading 
pandemic [5].

The major part of the 1960s was devoted to the aca-
demic study of MPV. As soon as it was known that MPV 
could infect people in areas that were believed to be free 
of smallpox, attitudes drastically changed. Worries that 
MPV would take over the area left by the variola virus 
(VARV) resulted from this. However, a WHO-led effort 
suggested that this was unlikely. Before the eradication 
of VARV, it was commonly accepted that human MPV 

infections existed, but were unrecognized because of 
smallpox. Although West African countries have histori-
cally seen attenuated human infections, the Congo Basin 
region of Africa has recorded the most serious human 
MPV infections. Despite indications of human-to-human 
transmission, interaction with animals infected with the 
MPV virus triggers the majority of human diseases (such 
as bush meat). An MPV outbreak occurred in 2003 as a 
result of imported West African rats carrying the MPX 
virus infecting native prairie dogs afterwards intended for 
sale as pets [6]. While human infections can begin in a 
variety of ways, and these distinct ways appear to affect 
how the disease presents clinically, no one has died from 
the virus and it is a less harmful West African variant. 
However, this incident demonstrated how quickly MPV 
can transcend the interspecies divide [7].

The ongoing MPV epidemic has drawn considerable 
interest from all across the world and is thought to pose a 
risk to larger populations. Despite evidence that the small-
pox vaccination protects against MPV by 85%, inoculation 
against the smallpox virus has not been offered since the 
WHO declared the smallpox virus extinct in 1980 [7, 8]. 
Additionally, MPV-specific medications and vaccinations 
are lacking. Therefore, in this review article, we focused 
on different prospects of MPV including its morphology, 
evolution, mechanism, transmission, diagnosis, preventative 
measures, and therapeutic approaches.

Methodology

Using the terms “evolution of monkeypox virus”, “diagno-
sis of monkeypox virus”, “curative therapy of monkeypox 
virus”, “herbal-based antiviral characteristics”, and “compu-
tational research”, published literature over the past few dec-
ades on the monkeypox virus was collected from a variety 
of Internet-based sources including PubMed, SpringerLink, 
Wiley online library, Web of Science, ScienceDirect, and 
Google Scholar. This literature study includes book chapters, 
research papers, and reviews that were published.

History of MPV

Due to outbreaks of a pox-like infection in macaque mon-
keys housed at a Danish research facility in 1958, MPV was 
initially identified as the disease known as “monkeypox” [9]. 
A smallpox-like infection that hospitalized a 9-month-old 
boy in the Democratic Republic of the Congo on September 
1, 1970, led to the isolation of a virus related to MPV [10]. 
In medical history, this represents the first instance of MPV 
in a person. The patient showed typical MPX signs, such as 
fever and a rash resembling chicken pox that developed into 
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hemorrhagic lesions that crusted over and healed over the 
course of the next 2 weeks. Despite making an early recov-
ery, the patient passed away in the hospital as a result of a 
secondary infection [11].

The first initial MPV case was reported in Nigeria in 
1971, and ten MPV instances were documented from 1971 
to 1978 [12]. In Central and West Africa, an increasing 
number of human cases have since been documented. Since 
1970, monkeypox instances have been documented in peo-
ple in 11 different African countries: Benin, Cameroon, 
the Central African Republic, the Democratic Republic 
of the Congo, Gabon, Cote d'Ivoire, Liberia, Nigeria, the 
Republic of the Congo, Sierra Leone, and the Democratic 
Republic of the Congo [13]. Monkeypox’s potential effects 
are unknown. As an illustration, the Democratic Republic 
of the Congo reported an epidemic in 1996–1997 that had 
a lower case–mortality ratio and a higher strike rate than 
usual [14]. In Nigeria, since 2017, there have been over 500 
suspected cases, 200 confirmed cases, and a cumulative 
number of fatalities of roughly 3% [15]. MPX has recently 
been observed throughout North America and Europe. In 
at least 20 non-African countries since the first MPX cases 
were reported in Europe in early May 2022, there have been 
over 400 confirmed or suspected cases [16]. The relevance 
of monkeypox to global public health is demonstrated by 
the fact that it affects not only nations in West and Central 
Africa, but also the rest of the world. Monkeypox origi-
nally appeared outside of Africa in the USA. Dormice and 
pouched rats from Gambia were housed alongside these ani-
mals in Ghana. This outbreak caused approximately 70 cases 

of monkeypox to be documented in the USA [17]. Moreover, 
reports of monkeypox have been made in Singapore (May 
2019), the USA (July and November 2021), the UK (Sep-
tember 2018, December 2019, May 2021, and May 2022), 
Israel (September 2018), and the USA (December 2019) 
[14]. The epidemiology, origins of infection, and mecha-
nisms of transmission are the subject of current research.

Morphology and genome organization 
of MPV

Similar to other orthopoxviruses, MPV virions are archi-
tecturally structured lipoprotein transmembrane domains 
enclosing ovoid or brick-shaped particles. The known MPV 
size is about 200 by 250 nm [18], and therefore can be easily 
observable under a light microscope, while electron micros-
copy is needed to resolve ultra-resolution. The MPV virion 
comprised four major components—outer lipoprotein enve-
lope, outer membrane, central core, and lateral bodies. The 
outer membrane which has several surface tubules encloses 
lateral bodies, palisade layer and the core [19]. The central 
core consists of core fibril and viral double-stranded DNA 
(dsDNA) and is surrounded by the palisade layer, a tightly 
arranged rod-shaped structure (Fig. 1). The outer lipoprotein 
envelope is often present on spontaneously released virions, 
while it is absent in viruses released through cellular dis-
ruption. Therefore, two infectious viral particles are formed 
during replication—the intracellular mature virus (IMV) and 
the extracellular enveloped virus (EV) [20]. The lipoprotein 

Fig. 1  Structure of MPV (Pre-
pared in  Procreate® App.)
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envelope that covers the surface of the intracellular mature 
virus encases the viral core and peripheral body, which con-
tain specific proteins [21]. A mature virion has about 80 viral 
proteins [22]. The MPV genome (Fig. 2) comprises a linear 
double-stranded deoxyribose nucleic acid (dsDNA) with a 
size of about 197 kb [23]. A set of short tandem repeats 
and terminal hairpin loops are found at each end of each 
genome with identical, but oppositely oriented, terminal 
inverted repetition of about 6 kbp in size [24]. The genome 
contains approximately 190 non-overlapping open-reading 
frames (ORFs), hairpin termini [25] with at least 60 amino 
acid residues [24]. MPV DNA has a minimal concentration 
of guanine and cytosine, around 31.1% [25]. MPV has been 
classified into two distinct genetic clades: Central African 
and West African. 

The whole genome sequencing of orthopoxviruses 
showed high level of homology between centrally located 
genes, and high degree of variability among terminally 
situated genes on either side of the genome. The conserved 
orthopoxvirus genes play an important role in viral replica-
tion and virion assembly, while orthopoxvirus genes with 
variable terminal may facilitate their virulence [19].

The worldwide outbreak of MPV

MPV was first discovered in 1958 in captive Macaca fascicu-
laris monkey species in Copenhagen, Denmark. Although 
there is still some debate about the actual origin, because the 
monkeys that were originally shipped to Denmark in 1958 
were not from Africa, but rather from Singapore [9, 26, 27]. 
Over the years, MPV is capable of infecting and causing dis-
ease in a wide variety of mammalian species across the world 

[26]. The first case of MPV in humans was reported in 1970 in 
the Basankusus District, Zaire. From 1970 to 1979, the MPV 
virus cases were reported from tropical rain forests of Cen-
tral and West Africa, including Zaire, Liberia, Nigeria, Sierra 
Leone, and Ivory Coast [28]. Before 2003, MPV infection was 
geographically confined to some endemic countries in Central 
and West Africa and had never been reported outside Africa, 
but zoonotic transmission became the leading cause of MPV 
outbreaks in humans outside Africa [13, 29–31]. It has been 
found that Cynomys infected with rodents brought to Ghana 
are responsible for the spread of the disease to humans [9, 
32]. Recently between 2003 and 2021, sporadic cases of MPV 
have been reported from different parts of the world includ-
ing Europe, North America, the Middle East, etc. [13, 30]. 
Meanwhile in the Democratic Republic of Congo, thousands 
of cases per year with high fatality rates have been reported 
[33]. In 2003, around 53 cases of MPV human infection were 
reported in the USA [30]. In 2019, Singapore reported one 
suspect of MPV in a traveler returning from Nigeria [34]. 
United Kingdom (UK) 2021 confirmed three cases of MPV 
with a travel history of Nigeria [35]. Further, several MPV-
infected cases from the USA with a travel history of Nigeria 
have been confirmed [36, 37]. The global re-emergence of 
MPV cases with a high infection rate in non-endemic coun-
tries was observed in 2022. Belgium, Sweden, Australia, and 
Italy also confirmed their first MPV cases (WHO Report) 
[38]. In the middle of May 2022, around 13, 14 and 17 MPV 
cases were reported from Canada, Portugal, and Spain (WHO 
Report). Till June 2022, there were around 1475 cases of MPV 
in different countries including the UK (366), Spain (275), 
Portugal (209), Germany (165), Canada (112), France (91), 
Netherlands (60), USA (45), Italy (32), Belgium (24), Switzer-
land (14), UAE (13), Ireland (9), Australia (8), Czech Republic 

Fig. 2  Genomic structure of MPV. The genome consists of approx. 
196,858  bp, where the central genomic region is 101,476  bp. Both 
terminal variable end includes a 6379  bp terminal inverted repeti-

tion (ITR) with hairpin loop of ⁓ 80 bp short tandem repeats, cod-
ing region, and unique ITR sequences NR1 and NR2 (Prepared in 
 Procreate® App.)
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(6), Slovenia (6), Ghana (5), Denmark (4), Israel (4), Finland 
(3), Hungary (3), Argentina (2), Mexico (2), Norway (2), 
Latvia (2), Australia (1), Malta (1), Greece (1), Gibraltar (1), 
Morocco (1), Brazil (1), and Poland (1) [33]. In July, India also 
confirmed three MPV-positive cases [39]. According to the 
Centre for Disease Control and Prevention (CDC), in Novem-
ber, 9, 2022 (at 5:00 PM EDT), data from more than 50,000 
people around the globe show infection by MPV (Table 1 and 
Fig. 3).

Evolution of MPV

A limited number of phylogenetic analyses of viral genomes 
in specific or endemic regions have restricted the preventive 
and control measures of the infection. The recent global out-
break of MPV again shows the importance of evaluating its 
phylogenetics. Few phylogenetic evaluations of MPV have 
been done, which suggests that there are two distinct clades 
of MPV: (1) the Central African or the Congo Basin clade 
and (2) the West African clade [19, 41–43], and the phylo-
genetic and ecological possibilities of the MPV outbreak 
in Southern Sudan in 2005 were also studied. The findings 
suggested that the virus, belonging to the clade identified in 
the Congo Basin, adapted to the different ecological envi-
ronments and caused outbreaks at geographically discrete 
locations in Sudan [40]. Berthet et al. [44] investigated the 
phylogenetic relationships among MPV lineages prior iden-
tified in Central Africa and West Africa during 2001–2018. 
The result indicated that the ten isolates from the Central 
African Republic belong to the three lineages, which are 
closely linked to those found in the Democratic Republic 
of Congo. The phylogenetic pattern showed that all isolates 
originated from the rainforest section of the Congo Basin 
[44]. However, in recent phylogenetic studies, it has been 
observed that the current MPV 2022 in Europe showed sig-
nificant divergence from its related viral predecessors [41, 
42]. Luna et al. [45] analyzed the phylogenetic pattern of 
337 MPV genomes collected from NCBI and GISAID and 
grouped MPV into three monophyletic lineages—two previ-
ously known lineages and one newly classified lineage from 
the 2022 global outbreak of MPV infection. The genome 
includes hMPV-1A lineage and A.1, A1.1, A.2, and B.1 
as newly identified lineages, where B.1 lineage is mainly 
responsible for the outbreak in 2022 [45]. The phylogenetic 
analysis also discloses the preliminary signs of microevolu-
tion of MPV during inter-human transmission.

Mechanism of action of MPV

Monkeypox virus replication is explained by the poxvirus 
replication cycle. Poxviruses, like all other viruses, have 
proteins that enable and promote the virus’s adherence to 

Table 1  Monkeypox outbreak global data in 2022 (Nov, 09, 2022) 
Source: WHO, European CDC, US CDC, and Ministries of Health 
[40]

S. No Country Number 
of people 
infected

Deaths due 
to MPV

Andorra 4 0
Argentina 746 0
Aruba 3 0
Australia 141 0
Austria 325 0
Bahamas 2 0
Bahrain 1 0
Barbados 1 0
Belgium 785 1
Benin 3 0
Bermuda 1 0
Bolivia 243 0
Bosnia and Herzegovina 9 0
Brazil 9475 11
Bulgaria 6 0
Cameroon 12 2
Canada 1444 0
Central African Republic 12 0
Chile 1208 0
China 1 0
Colombia 3630 0
Costa Rica 14 0
Croatia 29 0
Cuba 8 1
Curacao 3 0
Cyprus 5 0
Czechia 70 1
Democratic Republic of the 

Congo
206 0

Denmark 191 0
Dominican Republic 52 0
Ecuador 311 1
Egypt 1 0
El Salvador 17 0
Estonia 11 0
Finland 42 0
France 4097 0
Georgia 2 0
Germany 3670 0
Ghana 107 4
Gibraltar 6 0
Greece 84 0
Greenland 2 0
Guadeloupe 1 0
Guatemala 111 0
Guyana 2 0
Honduras 9 0



882 J. P. S. Begum et al.

1 3

a cell, fusion with a cell’s membrane, and penetration into 
the host cell. In the case of the poxvirus, the extracellular 
enveloped virion (EV), which has a second outer membrane, 
as well as the mature virion (MV), which has a single mem-
brane, are both destroyed prior to fusion [46]. By adhering to 
laminin or glycosaminoglycans on the cell surface, the four 
viral proteins that are related to the MV cooperate to aid the 
virus in adhering to a host cell. Regardless of whether the 
MV or EV initiates invasion, 11–12 non-glycosylated trans-
membrane proteins with sizes ranging from 4 to 43 kDa are 
necessary for virus attachment to the host cell. While MVs 
have a relatively stable outer membrane and are thought to 
mediate transmission among host animals, EVs have a frag-
ile outer membrane and are notably specialized for departing 
the intact cell and proliferating within the host [47].

Guarnieri bodies, which are now more often known as 
factories, are cytoplasmic structures where the monkeypox 
virus DNA replication process takes place [48]. Each factory 
originates from a single infectious particle, and during the 
initial stages of infection, they are each little DNA-contain-
ing structures surrounded by membranes that resemble the 
rough endoplasmic reticulum (RER) of the cell. As DNA 
synthesis continues, these factories will become larger 
and gradually start to take on an irregular shape as cavities 
filled with viral mRNA and host translation factors develop 
[45]. A complex of late gene products and a group of viral 
membrane assembly proteins work together in the later 
stages of the replication cycle to break down the endoplas-
mic reticulum membranes surrounding them and produce 
crescent-shaped structures as substrates for the formation 
of the immature virions (IV). The most prevalent infectious 

Table 1  (continued)

S. No Country Number 
of people 
infected

Deaths due 
to MPV

Hong Kong 1 0
Hungary 80 0
Iceland 16 0
India 17 1
Indonesia 1 0
Iran 1 0
Ireland 210 0
Israel 262 0
Italy 914 0
Jamaica 16 0
Japan 7 0
Jordan 1 0
Latvia 6 0
Lebanon 18 0
Liberia 3 0
Lithuania 5 0
Luxembourg 55 0
Malta 33 0
Martinique 1 0
Mexico 2901 0
Moldova 2 0
Monaco 3 0
Montenegro 2 0
Morocco 3 0
Mozambique 1 1
Netherlands 1237 0
New Caledonia 1 0
New Zealand 33 0
Nigeria 604 7
Norway 93 0
Panama 20 0
Paraguay 6 0
Peru 3269 0
Philippines 4 0
Poland 212 0
Portugal 944 0
Qatar 5 0
Republic of the Congo 5 0
Romania 44 0
Russia 2 0
Saint Martin 1 0
San Marino 1 0
Saudi Arabia 8 0
Serbia 40 0
Singapore 19 0
Slovakia 14 0
Slovenia 47 0
South Africa 5 0

Table 1  (continued)

S. No Country Number 
of people 
infected

Deaths due 
to MPV

South Korea 2 0
Spain 7336 2
Sri Lanka 1 0
Sudan 18 1
Sweden 212 0
Switzerland 546 0
Taiwan 4 0
Thailand 12 0
Turkey 12 0
Ukraine 5 0
United Arab Emirates 16 0
UK 3701 0
USA 28,797 11
Uruguay 14 0
Venezuela 10 0
Vietnam 2 0
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species, MV, are created from the IV next [49]. These MPVs 
will fuse with the cytoplasmic membrane and leave the cell, 
thus completing the cycle. The mechanism of MPV action 
is presented in Fig. 4.

Transmission and prevention of MPV

MPV may spread in two different ways: primary transmis-
sion (from animal to human) and secondary transmission 
(from human to human). Monkeypox is transmitted through 
direct contact with an animal’s body secretions or animal 

bites. Additionally, human pox virus (HPV) may be trans-
mitted by breathing droplets during a close, prolonged face-
to-face encounter, by direct exposure to an infected patient’s 
body fluids, or by highly contagious particulate items [10]. 
Research on macaque monkeys treated with airborne drop-
lets of MPV revealed that the virus primarily infects the 
lower airway epithelium, and then travels to lymph nodes 
before entering the bloodstream through monocytes. Then, 
MPV lesions may develop in the dermis, oral epithelium, 
gastrointestinal and reproductive system, thymus, spleen, 
and other organs [50].

Fig. 3  A worldwide epidemic of monkeypox virus  (Source: WHO, European CDC, US CDC, and Ministries of Health) [40]

Fig. 4  Monkeypox viral action 
mechanism (Prepared in 
 Procreate® App.)
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Zoonoses transmission can happen directly through an 
encounter with either blood or bodily fluids, inoculation 
through the mucocutaneous lesions of an infected animal, 
ingestion of one of the indigenous viral hosts, or both [15]. 
Additionally, there have been cases of nosocomial trans-
mission [51–53]. Nosocomial MPV transmission between 
patients and medical personnel is still a major worry in 
epidemics for both endemic and non-endemic areas. Noso-
comial infections of smallpox were linked to it, and health-
care settings had the highest incidence of transmission [54]. 
Hospital-related MPV epidemics are also particularly severe 
and persistent. This is probably the consequence of several 
variables, including diseases in susceptible populations, 
healthcare cleanliness standards, and the usage of aerosol-
generating medical procedures [55]. In one case in the UK, 
a medical professional who had encountered the clothes and 
mattresses of an MPV patient became diagnosed with MPV 
[56]. As evidence of MPV’s propensity to transmit in hospi-
tal environments, extended human-to-human transmission of 
monkeypox was recorded in a hospital in Impfondo, Repub-
lic of Congo [57]. To reduce the risk of MPV transmission 
inside hospitals, preventive measures including the use of 
proper personal protective equipment (PPE), efficient waste 
disposal techniques, and isolation of the infected patient 
must be implemented.

Monkeypox is being considered a sexually transmit-
ted disease in the recent outbreak [58]. With almost 95% 
of reported cases in young men (under 40 years old), the 
sex distribution of patients in the recent outbreak exhibits a 
substantial skew. There has been an increase in the number 
of males who have sex with men (MSM) [59], and hetero-
sexual relationships should also be taken into account. In 
a recent report, individuals with vaginal and groin lesions 
who are infected have been suspected of contracting the 
disease through sexual contact [60]. Pregnant mothers who 
have the virus can transmit it to their unborn, as per reports. 

Although research studies of miscarriage and fetal mortal-
ity exist, there is little evidence available on the effects of 
human MPV transmission on birth outcomes with vertical 
transmission [61]. Different modes of transmission of the 
monkeypox virus are presented in Fig. 5.

According to the Centre of Disease Control and Preven-
tion (CDC) guidelines, the preventive measures for MPV 
are as follows:

1. Avoid skin-to-skin contact (hug, cuddle, kiss, or sex) 
with people who have a skin condition suspected to be 
monkeypox (skin with rashes, pimples, scabs or blisters) 
on hands, feet, face, chest, genitals, or mouth. Prevent 
the touching of rashes or scabs.

2. Avoid close contact with the materials used by the per-
son suffering from monkeypox: the sharing of utensils 
with the person with MPV should be avoided and also 
prevent the handling and touching of the towels, bed-
ding, or clothes of the infected person.

3. Proper hand sanitization: before eating or touching 
unhygienic surfaces, wash hands properly with soap and 
water or use hand sanitizer.

4. Vaccinate yourself: JYNNEOS vaccine, used against 
smallpox is also approved for the prevention of MPV. 
The vaccine was used in the USA during the outbreak.

5. If you are from Central or West Africa, avoid animals, 
especially rodents and primates that can transmit MPV

It is important to provide proper care and respect that 
preserve privacy, confidentiality and dignity of the MPV-
infected patients.

Fig. 5  The illustration depicts 
multiple modes of transmission 
of the monkeypox virus (Pre-
pared in  Procreate® App.)
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Clinical signs and symptoms

Lymph node enlargement, particularly in the submental, sub-
mandibular, cervical and inguinal regions, is the most reli-
able clinical sign differentiating monkeypox from smallpox 
and chickenpox [56]. Pharyngeal, conjunctival, and vaginal 
mucosae inflammation and nonspecific lesions have been 
linked to enanthema. Exanthema stage lesions progress syn-
chronously over 14–21 days in a particular body location, 
resembling smallpox lesions [62]. However, unlike small-
pox, crops can cause skin sores. In contrast to smallpox, the 
lesions’ distribution is not very centrifugal. Umbilication, 
crusting, and desquamation follow the course of lesions from 
macules to papules to vesicles and pustules. The majority 
of lesions are 3–15 mm in diameter. Affected areas include 
the head, face, trunk, and limbs. Both covered and uncov-
ered parts have lesions. The soles and palms have lesions. 
Necrosis, petechiae, and ulceration are potential signs [63]. 
When pain does arise, it generally results from a subsequent 
bacterial infection. Pain is infrequent. Pruritus may occur. 
Patients who have received the smallpox vaccine experi-
ence a milder version of the illness. Lesions in youngsters 
may manifest as nonspecific, erythematous papules rang-
ing in width from 1 to 5 mm, indicative of arthropod bite 
responses. A faint umbilication may be observed. Twenty 
percent of unvaccinated patients in the African outbreaks 
had a confluent, erythematous eruption on the face and upper 
torso, which some writers refer to as the septicemic rash of 
monkeypox. The hemorrhagic and flat forms of smallpox, 
which have been documented in individuals with smallpox, 
have not been observed in patients with monkeypox [64]. As 
lesions heal, they may leave behind deep pockmarks. During 
the monkeypox epidemic in 2022, a substantial percentage 
of sufferers were guys who had sex with other men. The 
perianal and vaginal regions were the initial sites of lesion 
appearance in a few patients. Clinicians should have a strong 
suspicion that a patient has monkeypox when they find typi-
cal lesions in these areas, especially if they have recently 
traveled. Several clinical signs and symptoms caused by 
MPV are presented in Fig. 6

Diagnosis of MPV

It is necessary to quickly identify, diagnose, isolate, and 
manage affected patients in both sporadic and endemic 
regions in order to control the spread of monkeypox in the 
community [65]. A precise diagnosis is essential to control 
natural illness or in the early identification of a poten-
tial bioterrorism incident since the clinical presentation 

of monkeypox and those of chickenpox and smallpox are 
remarkably similar. Since there is no appropriate, approved 
antiviral medication for monkeypox, isolation and quick 
ring vaccination are the sole viable healthcare preventative 
measures once the infection agent is detected. Scabs as 
well as other cutaneous tissues must be handled carefully 
and gathered in aseptic conditions while taking pulmonary 
protections as a result of transmission by physical interac-
tion and atmospheric emissions.

Biological characteristics have traditionally been uti-
lized to distinguish and classify orthopoxviruses. Clini-
cally, MPV infection can be identified by the presence of 
cutaneous conditions like syphilis, measles, chickenpox, 
microbial dermatitis, infestations, and medication-related 
sensitivities. The better diagnostic specimens include those 
that originate directly from rashes, such as cutaneous, flu-
ids, scabs, or, in certain situations, a biopsy. Although it 
is still the first-line method today, orthopoxviruses cannot 
be distinguished using electron microscopy [66, 67]. The 
sole technique that can distinguish between various ortho-
poxviruses is polymerase chain reaction (PCR), being the 
preferred technique for confirming MPV infections. Addi-
tionally, novel diagnostic techniques diagnosing orthopox-
viruses infections, including immunohistochemistry (IHC) 
and serological testing, are available. When determining if 
encephalitis caused by an orthopoxvirus has occurred, the 
anti-orthopoxvirus IgM response in the cerebrospinal fluid 

Fig. 6  A visual representation of the clinical signs and symptoms 
caused by MPV (Prepared in  Procreate® App.)
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(CSF) may be helpful, through seroconversion from the 
anti-orthopoxvirus IgM response to the anti-orthopoxvi-
rus IgG response, accelerating the process [68]. Serologic 
diagnostic techniques like enzyme-linked immunosorbent 
assay (ELISA) are highly helpful for retrospective analysis 
when there is no virologic material available.

Antiviral medications and vaccines used 
to prevent orthopoxvirus infections

For the time being, the monkeypox zoonotic disease has 
no particular treatment. There are, however, several anti-
viral drugs and vaccines that are administered to combat 
smallpox as well as other ailments that may benefit indi-
viduals with monkeypox infection. The fact that popula-
tion vaccination coverage against smallpox is diminish-
ing globally is one of the most critical factors driving 
the present outbreak of monkeypox. Monkeypox risk is 
reduced by roughly 85% following smallpox immuniza-
tion. The MPV may have a chance of occupying the eco-
logical and immunological niche that the smallpox virus 
previously filled, 40 years after smallpox vaccinations 
were discontinued [69]. The first research study, which 
was published in 1968, reported that vaccination against 
the smallpox virus might be effective against MPV [70]. 
Another study was conducted to determine that smallpox 
vaccination, as shown by the existence of vaccination 
scars, provided 85% immunity against MPV [7]. Due to 
the similarity between smallpox and monkeypox viruses, 

the smallpox vaccination can also safeguard individuals 
from contracting the latter disease [71, 72]. The approved 
FDA and known antiviral drugs like tecovirimat (brand 
name: TPOXX or ST-246) [73–75], cidofovir (brand name: 
Vistide) [76–78], and brincidofovir (brand name: Tem-
bexa) [77, 79] and vaccines like ACAM2000 [80], Vac-
cinia immune globulin intravenous (VIG-IV) [81], and 
JYNNEOS (brand name-Imvamune or Imvanex) [82] are 
used as a therapeutic medication against MPV. Informa-
tion on antiviral medications and vaccinations, as well as 
their mechanisms of action against viruses, is included in 
Table 2. The ongoing clinical trials and their phases in 
different countries are mentioned in Table 3. 

The number of cases of monkeypox is rising globally, 
which raises worries that the virus, similar to SARS-
CoV-2, might spread globally and have severe effects on 
the already overburdened medical system. ACAM2000 and 
JYNNEOS are two licensed smallpox vaccinations that 
offer cross-protection against MPV. Second-generation 
vaccinations, including ACAM2000, are known as repli-
cation-competent vaccinia virus vaccines because they can 
replicate the virus in mammalian cells. ACAM2000 has 
been granted approval by the US FDA for use in the popu-
lation at increased risk of contracting smallpox through 
active immunization [90]. To develop it and determine 
the presence of recognized adventitious agents, Vero kid-
ney cells from African green monkeys are employed [91]. 
Research indicates that LC16m8 can prevent deadly mon-
keypox in monkeys and may produce resistance mecha-
nisms toward smallpox [92]. Under different research, 

Table 2  Potentially effective medications and vaccines to combat the monkeypox virus

Category Antiviral drug name Manufacturer/pharmaceutical com-
pany

Mechanism of action References

Drugs Tecovirimat (TPOXX or ST-246) SIGA Technologies (New York, USA) Inhibitor of the orthopoxvirus viral 
p37 envelope glycoprotein

[73–75]

Cidofovir (Vistide) Gilead Sciences (California, USA) Inhibits viral DNA polymerase [76–78]
Methisazone – Inhibits the synthesis of mRNA and 

proteins
[83]

N-methanocarbathymidine (N-MCT) N&N Pharmaceuticals Nucleoside analog inhibitor [84]
Tiazofurin – IMPDH inhibitor [76, 85]
Brincidofovir (Tembexa or CMX001) Chimerix Inhibits DNA polymerase-mediated 

DNA synthesis
[77, 79]

KAY-2-41 – Nucleoside analog inhibitor [86]
Ribavirin Bausch Health Companies (formerly 

known as Valent Pharmaceuticals 
International)

Inosine monophosphate dehydroge-
nase (IMPDH) inhibitor

[76, 85, 87]

NIOCH-14 – Nucleoside analog inhibitor [88, 89]
Vaccines ACAM2000 Sanofi Pasteur Inhibits viral replication [80]

Vaccinia immune globulin intravenous 
(VIG-IV)

Cangene Corporation Virus neutralization [81]

JYNNEOS (brand name-Imvamune 
and Imvanex)

Bavarian Nordic Inhibits viral replication [82]
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immunization with a highly attenuated vaccinia virus vac-
cine (LC16m8) might provide long-lasting protection from 
MPV infection [93]. As the antiviral medication impacts 
the efficacy of ACAM2000 if delivered concurrently, a 
recent study revealed that the incidence of monkeypox 
infection was greater among the monkeys that adminis-
tered the ACAM2000 vaccine and concurrent tecovirimat 
treatment [94]. Concerning the smallpox vaccination, the 
most often reported adverse reactions were myalgia, lym-
phadenitis, malaise, lethargy, headaches, and fever. The 
following uncommon, but significant side effects have 
been linked to replication-competent smallpox vaccina-
tions: conjunctivitis, eczema vaccinatum (EV), cephalitis, 
encephalomyelitis, erythema multiforme major, and fetus 
mortality [90].

The nucleotide analog cidofovir (CDV) prevents the pox-
virus’s DNA polymerase from functioning by converting 
to a cytidine triphosphate analog within the cell [95]. On 
the effectiveness of CDV in the treatment of human mon-
keypox infection, there are no reliable data available. The 
effectiveness of CDV medication in treating patients with 
severe monkeypox infection is yet unknown. In addition, 
CDV is utilized to treat human infections with the mollus-
cum contagiosum poxvirus [96]. Brincidofovir (BCV) is a 
CDV-derived lipid conjugate. Compared to CDV, BCV has 
better cellular absorption and a higher rate of conversion 
to the active form [97]. In comparison to CDV, BCV has a 
superior renal safety profile [79, 98]. According to research, 
giving individuals with monkeypox infection 200 mg of 
BCV orally once per week may increase their liver enzyme 
levels. Comparing BCV to CDV, the safety profile of the 
former may be improved. The use of BCV to treat cytomeg-
alovirus infection did not result in any severe side effects. 
In addition, BCV is effective against the human molluscum 
contagiosum poxvirus [99, 100].

Tecovirimat, another antiviral drug, is a strong inhibi-
tor of the orthopoxvirus protein VP37, which is involved in 
the development and ejection of enveloped virions (CDC 

2022). In a previous investigation, it was discovered that 
TCV suppresses both the variola and monkeypox viruses by 
lowering the generation and release of encapsulated ortho-
poxvirus in systemic inflammatory infections [101]. The use 
of it to treat MPV was authorized in Europe in 2022 [102]. 
In combination with ACAM2000, tecovirimat may harm 
immunogenicity [94].

Therapeutic approaches, particularly those derived from 
medicinal plants, are becoming more and more popular. 
As potentially antiviral drugs, a range of medicinal herbs 
is being investigated. According to traditional medicinal 
studies, several species of plants may have potent antiviral 
efficacy against a variety of viruses. With the aid of devel-
oping technologies, a thorough examination of the antiviral 
properties of several plant extracts has been conducted. To 
find novel antiviral drugs aimed against the resurgence of the 
poxvirus, it is necessary to use the information from tradi-
tional medicines. Alchemilla vilgaris ethanol aerial extracts 
and ethyl acetate root extracts were used in an investigation 
to analyze the bioactive compounds’ toxicity and antiviral 
activity. In this investigation, the orthopoxviruses vaccinia 
virus (strain L-IVP) and ectromelia virus (strain K-1) from 
the mouse smallpox virus was employed. Extracts from the 
roots and aerial sections of A. vilgaris were found to possess 
antiviral properties against the orthopoxviruses tested in the 
investigation [103]. Sarracenia purpurea was identified as 
the first efficient inhibitor of poxvirus replication at the level 
of early viral transcription in in vitro research. The find-
ings suggest S. purpurea may operate as another therapeutic 
approach against orthopoxviruses such as MPV (monkeypox 
virus) and VARV (variola virus) in light of the resurgence 
of diseases caused by poxviruses [104]. The most effective 
plants may be processed for the extraction and characteriza-
tion of putative antiviral natural compounds that can act as 
solid candidates in the development of novel antiviral drugs.

Table 3  Ongoing clinical trials for the development of antiviral medications and vaccines Source: https:// www. clini caltr ialsa rena. com/ news/ 
monke ypox- vacci ne- antiv iral- trials/

S. No Medications and vaccines Clinical trial phase Sponsor Country

Tecovirimat Phase I National Center for Global Health and Medicine Japan
TNX-801 Phase I Tonix Pharmaceuticals Kenya
Monkeypox vaccine Phase I National Center for Global Health and Medicine Japan
Smallpox vaccine Phase II National Center for Global Health and Medicine Japan
Jynneos Phase II Charite-Universitatsmedizin Berlin Germany

Phase II The National Institute of Allergy and Infectious Diseases United States
Phase III US Centers for Disease Control and Prevention Democratic 

Republic of 
Congo

Phase IV Assistance-Hopitaux de Paris France

https://www.clinicaltrialsarena.com/news/monkeypox-vaccine-antiviral-trials/
https://www.clinicaltrialsarena.com/news/monkeypox-vaccine-antiviral-trials/


888 J. P. S. Begum et al.

1 3

Recent findings of potent hit compounds 
against MPV using computational methods

To keep track of the current outbreak in the lack of a specific 
medication, it is urgently necessary to develop novel efficient 
and secure treatments. Drug discovery is a laborious, costly, 
and time-consuming approach with a high rate of failures. 
These constraints can be resolved by computer-aided drug 
identification and drug repositioning. A potential antiviral 
agent can be immediately discovered among medications 
previously endorsed by the US Food and Drug Administra-
tion (FDA) employing a variety of in silico approaches that 
have reported on multiple targeted MPV proteins.

Recent computational research identified promising MPV 
crucial protein inhibitors using a variety of computational 
techniques, such as computational modeling, molecular 
docking, molecular dynamic (MD) simulation, and molecu-
lar mechanics generalized born surface area (MM-GBSA). 
In this investigation, three significant MPV proteins—D8L 
(host cell entry), F13L (catalysis of the envelopment of 
intracellular mature virus particles), and A6R (viral replica-
tion)—were employed as virtual targets to analyze the poten-
tial efficacy of FDA-approved medications such as adrenor, 
azacitidine, cidofovir, cladribine, epivir, fludarabine, and 
zolmitriptan. According to the report, fludarabine, an anti-
cancer medication, exhibited the strongest in silico activity 
on the crucial protein A6R [105].

According to a previous study, there is currently no 
known structure for the MPV E8 protein or treatment for 
MPV. With the help of computational methods, this inves-
tigation aimed to discover potent compounds that block 
the MPV E8. In this study, homology modeling with the 
AlphaFold deep learning server was implemented to obtain 
a high-quality 3D structure of the MPV E8 protein. Dios-
min and FAD (flavin adenine dinucleotide) were reported to 
have potential as hit compounds against the MPV E8 protein, 
which might aid in restricting viral entrance and suppress the 
virus in subsequent fusion events [106].

A comprehensive computational analysis of betulin, a 
pentacyclic naturally occurring triterpene that serves as the 
precursor of a large extended family of natural bioactive 
derivatives, was conducted. The possible inhibitory effects 
of betulin on one of the proteins involved in monkeypox, 
i.e., A42R profilin-like protein (strain Zaire-96-I-16) were 
investigated using in silico molecular docking. The exam-
ined MPV protein (PDB code: 4QWO) was demonstrated 
to be responsive to betulin's functionality, and betulin links 
with THR126 and ARG129 via a hydrogen bond and an 
alkyl interaction, respectively [107].

A molecular study was conducted to examine the poten-
tial for repurposing FDA-approved medications as an antag-
onist against the MPV cysteine proteinase. According to the 

outcomes of this in silico investigation, the antibiotic tetra-
cycline may be able to prevent the MPV cysteine protein-
ase from functioning. This result, however, is not definitive 
because there is a dearth of crystallization information for 
this proteinase enzyme [108].

Another computational drug repurposing study was con-
ducted to determine which currently recommended medi-
cations would be capable of inhibiting the essential MPV 
proteins, thymidylate kinase, and D9 decapping enzyme. 
Using molecular docking and molecular dynamics simula-
tions, four possible inhibitors, namely tipranavir, cefidero-
col, doxorubicin, and dolutegravir, were detected as potential 
candidates for repurposing against the MPV from a library 
of US FDA-approved drugs [109].

MPV surveillance

The MPV outbreak in 2022 is unlike any other seen before 
outside Africa, as it has shown a unique pattern with more 
cases and greater transmission rate than any other prior out-
breaks. Given the seriousness of the situation, proper sur-
veillance is essential to protect communities most vulnerable 
to the disease and is also an important factor in preventing 
the zoonotic transmission and spread of monkeypox [110]. 
The inter-human transmission of MPV occurs through direct 
contact with the mucous membranes, or infected skin, or 
body fluids from those lesions through respiratory droplets, 
oropharynx and saliva, anorectum, semen, urine, and ocu-
lar fluid [111, 112]. In MPV infection, there is no defini-
tive infectious period, but patients are generally considered 
infectious from the time symptoms develop until crusted 
lesions have fallen off and a new skin has formed. How-
ever, few studies have indicated that in some patients, the 
infection is detected prior to the emergence of symptoms. 
In 2017, ten suspected cases of MPV in the Republic of 
the Congo initiated the investigation and aimed to educate 
and create awareness of the community on strengthening the 
surveillance [113]. To identify cases, clusters, and sources 
of infections as soon as possible, the WHO proposed sur-
veillance strategy which aims to: offer optimal clinical care, 
classify and manage contacts, prevent further transmission 
by isolating the infected cases, save frontline health work-
ers, and deliver preventive measures based on the identified 
pathways of transmission. The unexpected rise in the MPV 
cases suggests the prevalence rate of infection in humans; 
therefore, it is important to study different approaches to 
prevent and control the global occurrence of the disease. 
Branda et al. built the EpiMPX surveillance system for 
researchers and policymakers to observe the epidemic 
trends of MPV in Europe and Italy [110]. Infectious dis-
ease dynamics can be tracked from a community level to a 
building level using wastewater from surface waters, sewers, 
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wastewater treatment plants, or point sources [114, 115]. 
During COVID, wastewater surveillance has been widely 
used to study the degree of the cases circulating in the com-
munities. Tiwari et al. suggested the perspective of waste-
water- and environment-based surveillance to monitor MPV 
caseloads [116, 117]. Several other pathogens, including the 
other members of poxviridae family, hepatitis A and E virus, 
adenovirus, rotavirus, influenza A virus, dengue virus, etc., 
have been successfully monitored at population level using 
the same approach. Additionally, it is imperative to develop 
epidemiological and laboratory surveillance systems to 
effectively target the risk of monkeypox disease prevention, 
control, and transmission globally. Though clinical surveil-
lance has limitations, including social stigma, access and 
cost of diagnostic testing, inability to reach asymptomatic 
individuals, local, regional, and global outbreak response 
can be strengthened by combining clinical and environmen-
tal laboratory surveillance capabilities [116]. There exist 
numerous challenges for consistent MPV reporting; there-
fore, efforts should be made to improve disease surveillance 
during the outbreak.

Conclusion

The MPV pandemic has migrated to almost 110 different 
nations. According to a WHO investigator, monkeypox may 
not evolve into an outbreak since MPV’s viral load is rather 
modest. Yet, this pandemic infection with a very signifi-
cant thousands of cases alarmed global health officials as 
the largest and also most pervasive MPV pandemic outside 
of Africa up to this point. For monkeypox infection, there 
are no evidence-based preventative or treatment measures 
available. The current analysis assumes that smallpox immu-
nizations and antiviral medications may manage monkey-
pox epidemics. As a result, the present monkeypox outbreak 
strongly suggests the use of these smallpox immunizations 
and antiviral drugs. Additionally, to fully understand their 
precise roles in human monkeypox infections, we advise fur-
ther research into smallpox vaccinations and orthopoxvirus 
inhibitors in an in vivo study. Monkeypox outbreaks may be 
controlled in contrast to the repositioning of anti-smallpox 
medications by promoting awareness, implementing effec-
tive precautionary measures, quickly identifying and iso-
lating patients, tracing contacts, and providing appropriate 
treatment. Although finding a compound’s efficacy for a 
novel disease by virtual screening has been a time- and cost-
effective method, subsequent testing (in vivo and in vitro) is 
required to validate the hit compound’s effectiveness before 
being administered to patients.
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