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Human monkeypox is a zoonotic infection that is similar to the diseases caused by other poxviruses. It is endemic among wild rodents in the rainforests of Central and Western Africa, and can be transmitted via direct skin contact or mucosal exposure to infected animals. The initial symptoms include fever, headache, myalgia, fatigue, and lymphadenopathy, the last of which is the main symptom that distinguishes it from smallpox. In order to prevent and manage the disease, those who are infected must be rapidly diagnosed and isolated. Several vaccines have already been developed (e.g., JYNNEOS, ACAM2000 and ACAM3000) and antiviral drugs (e.g., cidofovir and tecovirimat) can also be used to treat the disease. In the present study, we reviewed the history, morphology, clinical presentations, transmission routes, diagnosis, prevention, and potential treatment strategies for monkeypox, in order to enable health authorities and physicians to better deal with this emerging crisis.
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1. Introduction

Monkeypox was previously considered to be a rare but serious zoonotic disease that is caused by the monkeypox virus, a member of the orthopoxvirus genus and close relative of the variola virus (smallpox virus) (7). The name monkeypox originates from the initial discovery of the virus in 1958, during an outbreak among monkeys in a Danish laboratory (8). Twelve years later, the first documented case in a human was identified in a 9-month-old infant in the Democratic Republic of the Congo (DRC) (9). Following this discovery, monkeypox was sporadically found in the tropical rain forests of Central and Western Africa (10), with the DRC reporting the majority of the cases each year (1, 11). The first outbreak outside of Africa occurred in 2003 (United States of America–USA), and since that time there have been several other outbreaks of the disease in non-endemic regions (12). The most recent outbreak, in 2022, surprised global public health authorities who were just starting to recover from the COVID-19 pandemic (13). The present outbreak is the largest in history, with the number of cases reported since the 7th of May 2022 having already surpassed the total number of monkeypox cases reported prior to this outbreak (14, 15). Moreover, on the 23rd of July 2022 the World Health Organization (WHO) declared the monkeypox outbreak to be a public health emergency (16).

Monkeypox produces a smallpox-like disease, but with less severe manifestations (17). Studies have shown that vaccination against smallpox can help prevent an individual from getting monkeypox (18), and can also reduce the severity of the disease (19–21). Therefore, the rapid identification and isolation of infected cases is vital, in order to prevent further transmission, protect frontline healthcare workers, and to improve clinical care (22). These goals can be achieved using a combination of different diagnostic methods, including clinical observations (3, 18) and laboratory tests (1).

As there is a need for up-to-date information on monkeypox, due to the current outbreak, we performed a comprehensive narrative review. The aim of this review was to describe the history, morphology, clinical presentations, transmission routes, diagnostic methods, prevention measures, and strategies for treating monkeypox, in order to help guide healthcare authorities and physicians in dealing with the present outbreak.



2. Methods

In order to identify all publications that reported important information about Monkeypox, we searched the PubMed, Scopus, and Web of Science databases. Furthermore, we also manually searched the first 300 results obtained from the Google Scholar search engine. No filters were applied to any of the search fields, such as date, study type, or language. Furthermore, in order to discover additional important studies, we performed both backward and forward citation searches of the most important articles. Our search strategy involved combining the term “monkeypox” with each of the following keywords: “epidemiology,” “presentations,” “diagnosis,” “treatment,” and “prevention.”



3. History


3.1. Overview

Monkeypox is endemic to the rainforests of Africa, although it has spread to other regions several times, leading to major outbreaks (9, 23–32). The monkeypox virus was first isolated in 1958 during an outbreak of a smallpox-like disease among cynomolgus monkeys in Copenhagen. In 1970, the first human case of monkeypox was found in a 9-month-old boy in Africa [monkeypox strain - Liberia_1970_184_DQ011156.1 (33)], via the national smallpox surveillance and eradication program (34). Following the cessation of the smallpox vaccination program in 1980, there was a decrease in herd immunity, which may have contributed to the current monkeypox outbreak (34, 35). Monkeypox is a great model for the host-pathogen interaction theory which can help find how some ancient viruses presently under investigation may have developed over time (36). In the next section, the geographical distribution and the history of monkeypox are discussed.


3.1.1. Human monkeypox emerges and its geographic distribution

The monkeypox virus mostly infects wild rodents in the rainforests of Central and West Africa, with infection likely resulting from direct skin contact or mucosal exposure to infected animals (37, 38). Therefore, it is believed that people handling infected animals were the main source of the sporadic outbreaks of monkeypox (37, 38). However, the airway route plays an important role in the secondary human-to-human transmission of the virus (37, 38). The main risk factors for becoming infected with monkeypox were keeping and preparing bush meat, caring for someone infected with the virus, and not being vaccinated against smallpox (2).

In countries with a history of monkeypox, the largest number of cases have been reported in Nigeria (552), the DRC (206), and Ghana (104) (Figure 1A) (3, 17, 39, 40). Moreover, deaths have been reported in Nigeria (7), Ghana (4), and Cameron (2) (Figure 1B) (3, 17, 39, 40). However, in the 2022 outbreak, from the 1st of January to the 24th of October, the largest number of cases were reported in the USA (28,004), Brazil (8,890), and Spain (7,277) (Figure 2A) (3, 17, 39, 40). Furthermore, in this same period the largest number of deaths were reported in Brazil (7), the USA (6), and Spain (2) (Figure 2B) (3, 17, 39, 40).
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FIGURE 1
Total number of cases (A) and deaths (B) due to monkeypox in countries with a history of monkeypox. Data were retrieved from https://www.cdc.gov/poxvirus/monkeypox/response/2022/world-map.html.
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FIGURE 2
Total number of cases (A) and deaths (B) due to monkeypox, between 1 January 2022 and 24 October 2022, in countries without a history of monkeypox. Data were retrieved from https://www.cdc.gov/poxvirus/monkeypox/response/2022/world-map.html.


During the period 1970 to 2017, there were several outbreaks and sporadic infections in Central and West Africa (41). WHO recorded 54 cases in sub-Saharan Africa from 1970 to 1979, most of which occurred in the Congo (3, 17, 39, 40). However, between 1981 and 1986 WHO established an active surveillance program in the DRC, which led to the detection of 338 suspected cases (26) and 33 deaths (15, 39, 42, 43). In addition, from 1970 to 1986 there were 10 cases identified in West Africa and 394 in the Congo (Clade 1) (42).

After the surveillance program was launched by WHO, 13 cases were reported between 1986 and 1992 in Cameroon, Gabon and the DRC, but no new cases were reported between 1992 and 1995 (3, 18, 44). However, in the two following years there were large outbreaks in the Kasai-Oriental province of the DRC (3, 24, 45), in which 511 suspected cases were identified in the Katako-kombe area (24), and a further 24 cases in the Lodja Health Zone (24, 46). Following this outbreak, there were no new cases reported until 2001 (30, 39). In 2001, from February to August there were seven cases of monkeypox identified in the Equateur province of the DCR and a further four in the Mbomou province (30, 39). In total, between January 1998 and December 2002 there were 1,265 suspected cases reported to the Ministry of Health in the DCR, while over the period January 2001 to December 2004 there were 2,734 suspected cases reported in 11 provinces of the DCR (30, 39).

In 2003, the first monkeypox outbreak to occur outside the endemic regions of Africa occurred in the USA (Wisconsin, Illinois, Indiana, Missouri, Kansas, and Ohio), with 72 recorded cases (monkeypox Clade 2) (47, 48). In this outbreak, prairie dogs being transported from Ghana to Texas were infected by rodents (47, 48), and after being sold they transmitted the disease to their new owners (1, 12, 26, 29, 35, 39, 42, 46–52). This was the first monkeypox outbreak in the Western Hemisphere (3, 18) and coincided with another outbreak in the heavily forested city of Impfondo (Republic of Congo–ROC) (17). Furthermore, from September to December 2005 there were several new cases reported in Sudan’s Unity State (Clade 1) (17, 53, 54), and from 2005 to 2007 a total of 760 cases were reported from nine health zones in the DRC, which also had an active surveillance program (39). In 2010, there were a small number of new cases reported in the Likouala area, which may be due to the migration of indigenous people into the DRC (39), and two new cases in the Central African Republic (CAR) (39). Furthermore, from 2010 to 2014 there were a large number of new cases reported to the Ministry of Health in the DRC (39). In 2014, after 40 years of fighting the disease, an outbreak occurred in the Bo city area of Sierra Leone (39).

During the period September 2014 to February 2016, there were 587 cases reported in the DRC, and from December 2015 to February 2016 there were 12 cases and 3 deaths reported in Bangassou, a city in the Mbomou province of the CAR (39, 55). In August 2016, there were at least 26 cases found in the Basse-Kotto and Haute-Kotto provinces of the CAR (39), and from January to August 2017 there were 88 suspected cases reported from the Likouala province in the ROC (39). That same year there were two outbreaks in the CAR, one of which occurred in Mbomou (in February) and the other in Mbaki (in April), and in March there was another case reported in the Pujehan region of Sierra Leone (39). Furthermore, 40 years after the last outbreak of monkeypox in Liberia, an outbreak with 16 cases was reported in November and December of 2017 (39, 44).

In Nigeria, following the identification of an 11-year-old child with the disease (15, 27, 30, 39, 56–58), 244 cases was reported from September 2017 to April 2018, which was the largest monkeypox outbreak in West Africa [by monkeypox strains of Nigeria_2017_MK783029.1, Nigeria_2017_MK783028.1, Nigeria_2017_MK783032.1, Nigeria_2017_MK783031.1 and Nigeria_2017_MK783030.1 (33)] (15, 27, 30, 39, 56–58). Prior to that outbreak, only three cases had been found in Nigeria from 1970 to 2017 (one in 1970 and two in 1978) (9). However, in contrast to the DRC outbreaks, most of the cases in the Nigerian outbreak were in urban and suburban areas (59).

In the first 6 months of 2018, there were 2,845 suspected cases reported in the 14 provinces of the DRC (44). Twenty cases were found in the CAR from March 17 to April 24, and 16 cases were found in Cameroon from April 30 to May 30 (39). Unlike previous outbreaks, the 2017 Nigerian outbreak led to the spread of monkeypox into new countries and also to those living in urban areas (58). The spread of the virus into new areas was caused by the urbanization of the virus and its improved ability to infect people (49, 60).

In 2018, the cases that occurred in the United Kingdom (UK) and Israel (Clade2) can be traced back to people who had traveled to Nigeria (61, 62), and in December 2019 another case of monkeypox was found in the UK (52). That same year an infected Nigerian man traveled to Singapore (52). In fact, from September 2018 to July 2021 there were six unrelated travelers from Nigeria, who were infected with the virus. In total, 74% (144 of the 194) of the patients studied during this period were either airline passengers or were related to the six individuals who traveled from Nigeria (63–66).

The 2022 monkeypox outbreak is the largest and most widespread in history, with infections being found in several European countries and the USA, raising concerns about similar future outbreaks at various ceremonies, celebrations, and festivals (67). Since the beginning of May 2022, several reports have been published in the USA, and by the end of May there were 17 cases of monkeypox in nine different states (i.e., California, Colorado, Florida, Washington, Virginia, New York, Utah, Georgia, and Massachusetts) (65). Fourteen of these patients had traveled to a different country and 16 of them were men who had sex with men (65). One of the 2022 UK cases had traveled to Nigeria, but the other two lived together and had not traveled to Nigeria nor had any contact with the first case (13, 41). Following this, outbreaks were reported in 59 countries, including Israel, the USA [strain of USA_2022_ON563414.3 (33)], Canada, Sweden, Spain [Spain_2022_ON609725.2 (33)], Italy, Germany [strain of Germany_2022_ON568298.1 (33)], Belgium, France [strain of France_2022_ON602722.2 (33)], Portugal [strain of Portugal_2022_ON585035.1 (33)], and the Netherlands. In total, there were 16016 laboratory confirmed cases identified between January 1st and July 22nd 2022 (41, 68). Moreover, the 2022 outbreak led to the first cases being found in Portugal (66) (Figure 3).
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FIGURE 3
A timeline representing the outbreaks of monkeypox up to 2022. USA, United States America; UK, United Kingdom; DRC, Democratic Republic of the Congo; CAR, Central African Republic.


The spread of the monkeypox virus into some countries remains unclear, for instance until 16 August 2022, the monkeypox virus had not been identified in Iran (69). The Iranian Ministry of Health discovered the first case of infection in the Khuzestan province. The diagnosis of this case, who was a 34-year-old female, was confirmed through the examination of skin lesions and the subsequent genetic analysis of the virus (69). The monkeypox viruses that were identified in Iran were all part of the B.1 lineage, which originated in Europe (70). Asymptomatic carriers play a crucial role in the transmission of these viruses, so it is generally believed that monkeypox was transported into Iran from neighboring countries in the southwestern region of the country (71).




3.2. Classification and characterization of the monkeypox virus

The Poxviridae family consists of 22 genera and 83 species (72). The Orthopoxvirus genus, which has 12 identified members, infects both humans and animals (72). The most well-known members are the variola virus (causes smallpox), monkeypox virus, vaccinia virus (smallpox vaccine virus), and the cowpox virus (72).

The monkeypox virus has two identified clades (42). The Central African clade (Congo Basin) or Clade I causes illnesses that are similar to smallpox and has a case fatality rate of up to 10% in unvaccinated populations (72–75). Clade II or the West African Clade causes less severe illness, has lower inter-human transmissibility and has a fatality rate of 4% (72–75).

The 2022 global monkeypox outbreak reignited the debate about whether to rename the virus clades (76, 77). Consensus was reached for a third clade, that was recognized as a subset of the WA clade (clades IIa and IIb) (76–78). Finally, they renamed them Clade 1 (CB clade) and clades 2 and 3 (WA clades), to make naming less complicated (76, 77). In addition, the Clade IIb monkeypox virus recently started being classified according to their different lineages, such as A, A.1, A.1.1, A.2, and B.1, based upon single nucleotide polymorphisms and inverted terminal repeats (ITRs) (77, 79).

In some of the Nigerian cases, especially those coinfected with the human immunodeficiency virus (HIV), the West African clades have caused severe illness and even death (58, 80). Furthermore, it should be noted that the lack of medical equipment is another reason for the high morbidity and mortality found in some areas (27, 55). Moreover, population density, climate change, deforestation and animal hunting have increased the number of individuals infected (30, 61). The most common factor amongst those infected in the 2022 outbreak, was men having sex with men (64–66, 81, 82). Although the key transmission route for the present outbreak has been sexual contact between men who has sex with men, this transmission route is likely to be overlooked or hidden in countries where these types of sexual activities are illegal (83, 84).

In the 2022 outbreak, monkeypox spread widely in a number of regions and countries (39, 85). This spread was due to the virus’ ability to adapt to host immunity and the existence of suitable regions within each country for the virus to spread (39, 85). In earlier outbreaks, such as those in the 1980s, the virus was transmitted mostly through contact with animals and less commonly through human-to-human contact (3, 20, 25, 42, 86, 87). However, in the 2022 outbreak human-to-human contact was the most common mode of transmission (3, 20, 25, 42, 86, 87). This new feature of the virus raises concerns about the further spread and infection of large numbers of people (17). However, monkeypox is not as contagious as smallpox via person-to-person transmission, with only 11.7% of cases becoming infected from direct contact with patients (88).

The tumor necrosis factor receptor (TNFR, also known as J2R) and complement binding protein genes (e.g., C3L) are frequently used to distinguish between the two clades of the monkeypox virus (89). For instance, the C3L/D14L gene is often used to differentiate between clades I and II of the monkeypox virus (90), since this gene is missing in Clade II, using either the LAMP (91) or rt-PCR methods (74).

A group of researchers recently created an image database (i.e., Monkeypox Skin Lesion Dataset) for the classification of human monkeypox and other diseases like chickenpox and measles (92). The image database was created using four pre-trained models and deep learning networks, such as VGG-16, ResNet50, InceptionV3 and Ensemble (92–94).



3.3. Monkeypox and the eradication of smallpox

One of the most likely reasons for the increasing prevalence of monkeypox was the cessation of the smallpox vaccination programs in 1980, and the resultant decrease in herd immunity against poxviruses (34, 35, 60). Several studies have reported monkeypox to be more common in individuals who were not vaccinated against smallpox (52, 95). The smallpox vaccine could be as much as 85% effective in preventing monkeypox, so since the cessation of the smallpox immunization programs, immunity to similar orthpoxviruses (e.g., monkeypox) has also decreased (1, 15, 23, 24, 35, 39). Interestingly, in the 2000s the monkeypox virus became better able to infect older individuals and increased its ability to spread between humans (96, 97).




4. Transmission

Monkeypox transmission can occur through contact with body fluids, skin lesions, virus-containing waste, respiratory droplets from infected animals, and directly or indirectly through infected fomites (2, 30). Human-to-human transmission has previously been limited, but the declining herd immunity to orthopoxviruses suggests that monkeypox in humans will become more common in the future (2).

In 1980, a study of 338 monkeypox cases in the DRC found that 72.5% were thought to result from contact with animals and 27.5% from contact with other humans (97). However, in the 1990s only 22% of the 419 cases recorded in the DRC were primary infections (i.e., a person who had not reported any contact with another individual with monkeypox), while 78% were secondary infections (97). An analysis of the Nigerian outbreak data showed that transmission was unknown in 62.3% of the cases, but of those that were known 78.3% (n = 46) had an epidemiological association with an individual who had similar lesions and 8.2% reported having contact with animals (97).

The risk factors for monkeypox have been reported in five studies from three different countries (97). The risk factors associated with human-to-human transmission of the virus include, sleeping in a shared room or bed, living in a shared house, and drinking or eating from a shared container (97). Furthermore, sleeping outside or on the ground, living near or visiting a forest have been identified as factors that increased the risk of exposure to animals, and consequently increase the risk of animal to human transmission (97). In the 2003 USA outbreak, daily exposure to infected animals or cleaning their cages were risk factors for developing monkeypox, even among those who were vaccinated against smallpox (97).

In 1984, when research into the ecology of the smallpox virus entered its final stages, three groups of animals (i.e., rodents, squirrels, and bats) were considered priority candidates for maintaining the circulation of the virus in the wild, due mainly to their relatively high population densities (98). Following the isolation of the virus from a wild squirrel in 1985, animal samples were collected from the Bomba Zone (January to February 1986), which were later tested by WHO partner laboratories. However, no antibodies were found in any of the 233 rodents tested (98).

The high prevalence of monkeypox-specific antibodies (24.7%) that were found in 320 Funisciurus anerythrus squirrels, indicated that these animals maintained virus transmission in the areas around human habitats (98). Furthermore, the high level of antibodies found in Heliosciurus rufobrachium squirrels revealed that this species was also involved in maintaining virus transmission (98). Squirrels are obviously the main source of infection for humans, as they are the only mammals in the areas of human activity that carry monkeypox and they are frequently trapped (98). However, it is currently hard to say whether primates play an important role in maintaining the transmission of the virus in nature, or whether they are simply occasional hosts (98). The possibility of virus transmission among squirrels, outside the main areas of human activities, has also been discussed (98).

The focus of ecological studies has intensified since 1984, but the collection of samples has largely been confined to areas of the DRC with active human cases (25). These studies have led to the hypothesis that disturbed “agricultural” areas around settlements, which are rich in fungi (genera Funisciurus and Heliosciurus) and terrestrial rodents, are areas where animal contact with humans may lead to the transmission of the virus (25). In fact, the close connection between these animals and humans has greatly advanced our understanding of the virus reservoirs and the transmission of animal-to-human diseases (25).



5. Morphology, genome organization, and morphogenesis

Since most human cases have occurred in the CAR, at the northern edge of the western and eastern rainforests, the movement of wildlife into these rainforests is the most likely reason for the increased incidence of monkeypox in these regions (99). In addition, periods of severe political instability, which have led to an internally displaced population and increased poverty, may have increased human contact with wildlife. The socioeconomic status of the CAR, armed conflicts, and environmental disturbances are all likely to increase population mobility and human interactions with animals, thereby increasing the risk of animal-to-humans disease transmission (99). The circulation of monkeypox in human hosts, particularly among the immunocompromised, favors pathogen evolution and the emergence of new human-adapted pathogens, depending on the human pathogen fitness landscape (96).

The monkeypox virus is an enveloped brick-shaped virus that is 200–250 nanometers in diameter (56, 100). It is comprised of a dumbbell shaped biconcave core and lateral bodies that are surrounded by a corrugated lipoprotein outer membrane (56, 101). It contains linear double stranded DNA of about 197 kb (102, 103).

All orthopoxviridae genomes have a central coding region sequence at the nucleotide positions of 56,000–120,000, which is highly conserved and flanked by inverted terminals repeats (ITRs), which are identical but oppositely oriented (104). The ITRs include short tandem repeats and terminal hairpins (56). The monkeypox virus contains genes located at the terminals that encode immunomodulatory, virulence and host range factors (102, 103, 105). These genes are the main difference between the monkeypox virus and other orthopoxviridae, as well as between the different geographic strains of the monkeypox virus (102, 103, 105). The central region of the monkeypox genome contains nucleotide sequences that are the same in all monkeypox viruses and encode all essential enzymes and structural proteins, as well as the housekeeping functions (56, 102).

The poxvirus genome encodes all necessary proteins for replication and transcription (2, 106). The monkeypox virus genome contains genes that encode 190 largely non-overlapping open reading frames (ORFs) >60 amino acids or ORFs >180 nt long, which replicate in the cytoplasm (102, 103) and provide the materials needed for replication (2, 106). The ITRs region contains at least four ORFs (104). Furthermore, the genome encodes a complement-binding protein with three short consensus repeats, which contrasts to the four repeats found in other Orthopox viruses (102).

According to genome sequencing, two monkeypox virus clades can be distinguished, which are the West African and the Congo Basin (Central African) variants (67, 82). In the 2022 outbreak, the first genome sequencing was undertaken in Portugal and the results suggested that the virus was most likely from the West African clade, although some mutations were identified in the viral proteins A24R (i.e., responsible for forming a crystal structure) and H3L (i.e., important in host immune recognition) (67, 107). Furthermore, genome sequencing from Belgium and the USA confirmed that their outbreaks also originated from the West African clade (67). Phylogenetic relatedness has also been shown between the new clades and the monkeypox virus genome in the National Center for Biotechnology Information (NCBI) database (108). In an Israeli study, they found that the Israeli clade genome differed from the West African clade (Nigeria-SE-1971) by 470 single nucleotide polymorphisms (109). The recent monkeypox virus outbreak has also been linked to the monkeypox outbreaks in 2018 and 2019, which came from Nigeria to the UK, Israel, and Singapore (110). The virus structural organization is presented in the previous publication (34).

During the period 2017 to 2022, the monkeypox viruses appear to have undergone a continuous microevolution through point mutations in its genes and in multiple proteins over time, that has been observed in the available sequence data (79, 111). Several studies have reported a potential correlation between the lineage or clade and variations in the pathology of the human monkeypox disease, as well as its ability to cause outbreaks (111).

The two monkeypox clades sharing 170 orthologs and at the protein level they were found to be 99.4% identical (73, 112). Furthermore, no significant differences in the transcription regulatory sequences were found between the two genomes (73, 112). Fifty-three of the 56 virulence genes were found in both clades, with 61 conservative, 93 non-conservative, and 121 silent amino acid mutations (73). These mutations are located in the gene orthologs, such as WA clade-specific COP-A49R (unknown function) and COP-A52R (Bifunctional Toll-IL-1-receptor protein), CA clade-specific orthologs such as BR-19 and BR-20 (unknown functions) and other mutations, such as BR-203 (virulence protein), BR-209 (IL-1β binding protein), and COP-C3L (inhibitor of complement enzymes) (42, 73, 112). The D14R gene-coded inhibitor of complement-binding protein, which is an important anti-inflammatory factor, is absent from the WA clade (73, 113, 114). This gene is also responsible for the difference in virulence between the virus clades (73, 113, 114).

There are many more candidate genes that are responsible for virulence, but are yet to be identified (115). There is a sequence database1 that collects compiled versions of the genomes (115). Genome analysis suggest there is a very strong bias in mutations of bases guanine to adenine and cytosine to thymine (115). The Apolipoprotein B mRNA editing enzyme, which is a cytidine deaminase, is responsible for these mutations (116). A genomic comparison of MPXVgp021: L124S and MPXVgp103: K606E and other viral isolates from 2015 to 2022 showed a 30-T base long sequence in the middle of the viral genome and high frequency amino acid mutations present in the Nigeria-MPXVoutbreak-2017–2018 viruses (79, 117). These findings collectively suggest that alterations in a relatively small number of genes may contribute to the modifications in viral clearance and pathogenesis that have been observed (42, 47, 111, 118). As a result, genomic surveillance has been vital for the early detection of mutations, monitoring of virus evolution and evaluating the degree of similarity between the circulating viruses (111).



6. Clinical presentations and complications


6.1. Pathophysiology

Monkeypox causes rashes of different intensities in different species of primates (100). After entering through the available routes (oropharyngeal, nasopharyngeal or intradermal), the virus multiplies in these places and then spreads to the local lymph nodes (2). Primary viremia then leads to viral dissemination and the seeding of the virus in other organs (2). This represents the incubation period, which usually lasts for 7 to 14 days, with a maximum of 21 days (2).



6.2. Signs and symptoms

The onset of symptoms is associated with secondary viremia, leading to one to 2 days of prodromal symptoms (e.g., fever and lymphadenopathy) before lesions appear (2). Infected patients may have the ability to transmit the disease at this time. Lesions start in the oropharynx, before appearing on the skin. However, serum antibodies are often detectable before the lesions appear (2).

The initial symptoms of monkeypox include fever, headache, myalgia, fatigue, and lymphadenopathy, the last of which is the main symptom that distinguishes it from smallpox (1). After one to 2 days, mucosal lesions develop in the mouth followed by centrifugally distributed skin lesions on the face and limbs, including the palms of the hand and soles of the feet (1). The rash may or may not spread to the rest of the body, and the total number of lesions can range from a few to thousands (1). Over the next 2–4 weeks, the lesions evolve through the macular, papular, vesicular, and pustular phases (112). The lesions change simultaneously and are characterized as firm, deep and 2 to 10 mm in size (112). They remain in the pustular phase for five to 7 days before crusting. The crusts are formed and sloughed over the next 7 to 14 days, and in most cases this condition resolves three to 4 weeks after the onset of symptoms (112). Apart from scarring and possible skin discoloration, most patients completely recover within 4 weeks of symptom onset (39). After all the crusts disappear, the patients are no longer considered infectious (112).

The signs, symptoms, and course of the disease have been found to differ substantially, depending on whether or not the patients had been vaccinated against smallpox (119). Pleomorphism and “cropping” occurred in 31% of vaccinated patients and 18% of those who were not vaccinated (119).

It appears that the ongoing epidemic is different from previous outbreaks, in terms of the age of those affected, sex/gender (most cases have been male), risk factors, and the method of transmission, with sexual transmission being the most common means of infection (120). The most common symptom was a fever (54.29% of cases), followed by inguinal lymphadenopathy (45.71%), and exanthema (40.00%) (120). Asthenia and fatigue paired with a headache were reported in 22.86 and 25.71% of the subjects, respectively. Furthermore, myalgia and genital/anal lesions were present in 17.14 and 31.43% of the cases, respectively (120). Finally, cervical lymphadenopathy was identified in 11.43% of the patients, while the least commonly reported symptoms were diarrhea (5.71%) and axillary lymphadenopathy (5.71%) (120). Furthermore, an international study on 528 cases of monkeypox, undertaken between April and June 2022, found the incubation period to be 7 days and that the most common presentations of the disease were a rash (95%), anogenital lesions (73%), fever (62%), and lymphadenopathy (56%) (121). The different forms of lesions of monkeypox during the course of the disease is presented in the previous publication (78).



6.3. Prognosis

The West African variant has a more favorable prognosis, with a case fatality rate of less than 1%. The central basin (Central Africa) variant is more deadly, with a mortality rate of up to 11% in unvaccinated individuals (39). However, the prognosis is largely dependent upon the presence of severe complications (119). There have been no deaths reported among vaccinated patients, but in unvaccinated patients the crude mortality rate has been reported to be 11% (119).



6.4. Complications

The complications associated with monkeypox include: secondary bacterial skin infections (most common complication) or soft tissue infections (19%); permanent skin scarring, hyperpigmentation or hypopigmentation; eye complications (4–5%), such as permanent corneal scarring and vision loss; pneumonia (12%); dehydration; and sepsis (18, 30, 122).

Severe complications and sequelae, such as bronchopneumonia, sepsis, ocular infection, and neurological manifestations, have been observed more frequently among unvaccinated patients than among those who were vaccinated (1). The severity of these complications depends on the patient’s baseline health status, route of exposure, and the strain of the virus (74, 123).

Lymphadenopathy is a key manifestation that differentiates monkeypox from smallpox and other viral rash illnesses, such as chickenpox and syphilis (82, 124–128). Conjunctivitis occurred in approximately 20% of patients in a recent outbreak in the DRC. This could also be a potential site for virologic seeding into the central nervous system (86). Periocular involvements can also occur, including corneal ulcers, conjunctivitis, lesions on the eyelids, blepharitis, and even keratitis or other complications that can lead to corneal scarring and permanent vision loss or blindness (129–132). Several other complications have been reported, including: severe dehydration, caused by vomiting or diarrhea in the second week of the infection (127); skin lesions, which are characteristic with uniform progression from macules to papules, vesicles, pustules, umbilication, crusting, and desquamation (78); and extracutaneous complications (e.g., gastrointestinal symptoms) (11).

Serious complications can lead to a poor prognosis and even death. Encephalitis, acute renal injury, myocarditis, hepatomegaly and scrotal edema are some of the more serious complications (58, 108).

Serious neurologic complications from monkeypox are not common, however, headache is a common presentation in both clades 1 and 2 (58, 86). Mood disturbances, including depression and anxiety, and neuropathic pain are common (7, 80), but more serious mental health issues (e.g., suicide) are rare (133). Monkeypox can also cause encephalitis, seizures, and confusion, which have been found in about 2% of cases (134).

There have been a few cases of rectal wall perforations and abscesses in patients with proctitis, as well as myocarditis, epiglottitis, peritonsillar abscess, and hemophagocytic lymphohistiocytosis (82, 124–128, 130, 135, 136). Furthermore, rectal pain or pain on defecation (14–36% of cases), dysphagia (5–14%), inflammation of the penis (8–16%), and secondary bacterial infections (3–4%) are less severe but more common complications that have been reported in the 2022 outbreak (30, 122, 127, 136–138).


6.4.1. Skin

Monkeypox can lead to skin and/or soft-tissue involvement: painful pustular lesions, genital ulcers, hyper- or hypopigmented atrophic scars, patchy alopecia, hypertrophic skin scarring, and pruritus, as well as petechiae and ulceration (32, 80, 112). Secondary bacterial skin or soft-tissue infections were found in 19% of unvaccinated monkeypox patients (1, 18). Maculopapular skin lesions of 2–5 mm in diameter typically progress through the papules, vesicles, pustules phases over a period of 2–4 weeks (18, 112). Furthermore, a pitted scar is the most common long-term consequence of infection for those who survive (119). This clinical progress is very similar to that of ordinary smallpox lesions (3). However, lesions on the mucous membranes (i.e., mouth, tongue, and genitalia) can be helpful in the differential diagnosis of monkeypox (1, 3, 139).

If the monkeypox rashes occur around the genitals, anus and bilateral inguinal areas, it is prone to the appearance of secondary bacterial cellulitis (131). In addition, when the number of skin lesions exceeds 4,500, septicemia or sepsis can also occur (139). Furthermore, monkeypox is capable of damaging other mucous membranes, which can lead to difficulty in eating or drinking, and eventually oral ulcers, pharyngitis, tonsillitis and epiglottis (131).



6.4.2. Gastrointestinal system

Gastrointestinal signs are common (140). Vomiting or diarrhea can occur in the second week of the symptoms onset, which can lead to severe dehydration (1).



6.4.3. Central nervous system

Encephalitis has been observed in one patient [or in less than 1% of patients (18)] and septicemia was found in a patient with more than 4,500 lesions (119, 140).



6.4.4. Eyes

Ocular complications may occur in 4–5% of cases (18), and can lead to corneal ulceration and permanent vision loss (17). Corneal ulceration has been seen in 4% of those who were not vaccinated against smallpox and 1% of those who were vaccinated (29, 141).



6.4.5. Other

Patients with pulmonary distress or bronchopneumonia have been observed, often late in the course of the disease, indicating a secondary infection of the lungs (119). Pneumonitis has been observed in 12% of patients (18), while bronchopneumonia has been found in 5% of those who were vaccinated against smallpox and 12% of those who were unvaccinated (29).




6.5. Sociodemographic characteristics

It seems that any age group or gender can develop monkeypox, if they come into contact with the virus (142). However, the overall incidence of the disease has been higher in males than in females (82, 86, 143). Furthermore, the median age of the confirmed or probable cases in the 2017–2018 Nigerian outbreak was 29 years old (range 2 days to 50 years), and 69% were male (58).

In the Tshuapa Province of the Democratic Republic of the Congo, over the period 2011–2015, the highest incidences of monkeypox were found in males aged 5–9 and 10–19 years old, followed by females aged 20–29 years old (86). As a behavioral risk factor for exposure to pathogens, 20–29 year-old women would be of childbearing age and possibly most at risk of exposure when caring for sick children (86). These females were also more likely to have contact with dead animals, which were purchased for their meat (86). Similarly, males aged 10–19 years old were likely to have more exposure to animals and to be involved in hunting (86, 143). In the Sankuru Province (DRC), the median age of patients increased from 4.4 years old in the 1980s (129, 140) to 11.9 years old during the period 2006–2007 (35). Furthermore, in the Tshuapa Province (DRC) the median age was 14 years old during the period 2011–2015 (86), and 29 years old in Nigeria during the period 2017–2018 (58).

In the 2022 outbreak, the key routes for virus transmission included having multiple sexual contacts without condoms, and having close physical contact in sexual networks (82). In this outbreak, most infected individuals were men who had sex with other men (MSM), people with multiple sexual partners and people who practice sex without a condom (82). This is also confirmed by the fact that most of the lesions have been found in the anal and genital areas (82).

Infected people or animals can be living in both urban and rural areas. In the 2017 outbreak, most of the cases in Nigeria were reported from urban and peri-urban parts of the southern regions of the country, but in the DRC most cases were from forested villages (59).



6.6. Mortality and morbidity

Generally, the mortality rate from monkeypox is lower than that of smallpox (1). During the 2005 conflict in Sudan, the first cases of monkeypox were reported in an arid area of the Savannah, which is quite different from the former endemic regions, which were forested, hot, humid, and often rural (53, 54, 85, 142, 144). In 2017, an outbreak in the Likouala province (ROC) led to six deaths, with a case fatality rate (CFR) of 6.8% (39). This outbreak was the largest reported in the ROC, and had a high transmission potential (39).

During the Nigerian outbreak, between 11 October 2017 and 16 September 2018, seven people (6%) died of monkeypox (3, 57, 58), four of which were also infected with HIV (58, 66). There were no deaths reported in either of the 2017 the CAR outbreaks (39). Two global studies, conducted between September 2017 and April 2018, reported a total of six deaths and a mortality rate of 2.5% (39). However, in the 2017 Liberian outbreak there were two fatalities reported, with a CFR of 12.5% (39). In addition, during the first 6 months of 2018 an outbreak in the DRC resulted in 36 deaths and a mortality rate of 1.3% (44). In contrast, the 2018 outbreaks in the CAR and Cameroon did not result in any fatalities (39).

The overall mortality rate during the African floods has been reported as being between 4 and 22% (24, 47). In contrast to the outbreaks in the Congo Basin, adults were more frequently infected in the American outbreaks of 2003 and 2017–2018 (24, 139). In general, the mortality rate in the Central and West African variants have been around 3.6 and 10.6%, respectively (5, 46, 97, 144, 145). However, recent studies have reported the CFR of the West African clade to be about 1%, but was higher in immunocompromised individuals (1, 30, 58).

As previously mentioned, there were no fatalities in the earlier outbreaks that occurred outside Africa, but from 1 January to 4 July 2022 the current outbreak caused three deaths (66, 67).




7. Diagnosis


7.1. Clinical picture

As there are strong similarities in the clinical features of monkeypox, smallpox and chickenpox, making a definitive diagnosis is important to ensure the implementation of appropriate interventions, for keeping the disease under control and preventing further transmission (3). Table 1 compares the clinical features of monkeypox, smallpox and chickenpox, which can be used to make a differential diagnosis. Although diseases such as syphilis, herpes simplex and chancroid can produce skin lesions that are similar to those observed in monkeypox, they can easily be distinguished from monkeypox using an electron microscopy (3, 9, 140, 146).


TABLE 1    Clinical features of monkeypox, smallpox and chickenpox.

[image: Table 1]

Clinically, the skin eruptions of monkeypox are almost identical to those seen in the ordinary forms of smallpox, and are also similar to both classic chickenpox and atypical chickenpox (3, 9, 140, 146). In addition, the histologic features of monkeypox are very similar to those of smallpox and cowpox, although they are both noticeably different from other pox viruses (56, 147). The crop-like, less centrifugally distributed lesions (than smallpox), and especially the presence of lymphadenopathy may indicate monkeypox (56), as lymphadenopathy is not a common feature of smallpox (95). Lymphadenopathy in the submandibular and the cervical or inguinal regions are also considered to be a key diagnostic feature that distinguishes monkeypox from smallpox (3, 148).



7.2. Laboratory testing

Although clinical characteristics can be helpful in differentiating monkeypox from other infectious causes of vesiculopustular rashes, laboratory confirmation is necessary to make a definitive diagnosis (149). Several techniques are available for diagnosing monkeypox, such as serology, electron microscopy, and an enzyme-linked immunosorbent assay (ELISA), which are discussed later in this section (149).


7.2.1. Histology

The examination of skin biopsy specimens from patients with monkeypox shows central necrosis surrounded by hyperplastic epidermis, spongiosis and ballooning degeneration of the keratinocytes (150). An inflammatory infiltration, which is composed of lymphocytes, eosinophils and neutrophils, is evident in the epidermis and the superficial layers of the dermis (150). Multinucleated giant cells and eosinophilic inclusion bodies can be observed in the different layers of the epidermis (150). Follicular involvement and dyskeratotic keratinocytes can also be seen in the follicular epithelium (150). The histopathologic findings of monkeypox are non-specific and are highly similar to other infectious viral processes, such as smallpox, varicella zoster, herpes simplex, vaccinia and cowpox (150).



7.2.2. Immunohistochemistry

Immunohistochemical staining can help to distinguish a poxvirus from a herpesviruses (123). There are some polyclonal antibodies available (e.g., anti-vaccinia murine) that have high potency in the detection of the orthopoxvirus, but do not cross-react with the herpes simplex virus (123). Furthermore, antibodies against herpes simplex virus are available, which do not cause any cross-reactions with the monkeypox virus (150). Monoclonal antibodies against the monkeypox virus can detect the presence of the orthopox antigen and can even recognize it as the monkeypox virus (151).

Orthopoxvirus-specific IgG and IgM appear 5 to 8 days post-infection with monkeypox or vaccination with the vaccinia virus, and may be detected using an ELISA or a lateral flow immunochromatographic test (4, 61, 123, 150, 152). However, these antibodies cannot differentiate between the various orthopoxviruses, as a result of cross-reactivity (61, 123, 150, 152). Additionally, IgM is more specific than IgG, since IgG can be positive due to past exposure or having been vaccinated against smallpox, due to the long-term persistence of residual IgG-memory B cells (61, 123, 150, 152).



7.2.3. Polymerase Chain Reaction (PCR)

The Polymerase Chain Reaction (PCR) technique, including real-time PCR evaluation of a specimen, can be used to detect the presence of monkeypox specific DNA (153–156). These methods are highly sensitive and the real-time PCR approach is currently the best diagnostic assay for the detection of monkeypox (153–156).





8. Prevention

As close contact with an infected person is the main risk factor for the transmission of the disease (65), wearing face masks and hygienic hand washing can play an important role in preventing disease transmission (65). In this context, wearing an N95 mask is more effective in preventing transmission than using a surgical mask (157). Healthcare workers should use highly protective personal equipment when in contact with an infected patient, due to the high virus titers present in pus and scabs, which result in an increased risk of human-to-human transmission (61). Moreover, it is extremely important to identify and isolate people who have had sexual relationships with infected individuals or who have traveled to areas with cases of monkeypox (5, 65). It is recommended that preventive procedures should be kept in place for 4 to 14 days after exposure (61).

The most reliable approach in dealing with infected subjects is to isolate them until their lesions are fully healed, and for long-term hospitalization, local health authorities and hospitals must plan appropriately (158). Initiating education campaigns to increase public awareness of the disease could also be helpful in several parts of the world (158). Educational interventions can play an important role in reducing the incidence of high-risk behaviors, familiarizing the population about the symptoms of the disease, and increasing the timely referral of oneself or family members to the hospital, if symptoms are observed (159).

Vaccination against monkeypox appears to be more difficult than it was for smallpox, as monkeypox is transmitted by both animals and humans, while smallpox was only transmitted by humans (6, 23). Nevertheless, vaccines have an important role to play in preventing monkeypox, and can even be used as a post exposure prophylaxis (PEP) (160). The ACAM2000 and JYNNEOS vaccines can both be given to those at high-risk of occupational exposure, or those who may have been exposed to the monkeypox virus (6). These vaccines have been safely used by public health authorities in the USA, the UK, and Singapore (61).

ACAM2000, which was the only vaccine recommended as a PEP (5), has been associated with some cardiac complications (12, 18). The Centers for Disease Control and Prevention (CDC), WHO and the Advisory Committee on Immunization Practices (ACIP) do not recommend pre-event vaccination, except for a small number of identified groups, including field researchers, veterinarians, infected animal controllers, military personnel, laboratory and healthcare workers (12, 18, 161).

People with immunodeficiency are recommended to use intravenous immunoglobulin (IVIG) therapy, although the benefits have not yet been properly evaluated (5, 50, 162, 163). The third generation Modified Vaccinia virus Ankara (MVA), an attenuated strain of the vaccinia virus, can be used in two doses with 4-week intervals. Unlike vaccines made from a live virus, MVA does not cause skin lesions (1, 2). Clinical trials have shown that this vaccine can stimulate the production of antibodies and that it can be used in immunocompromised patients and individuals with contraindications to live virus vaccines (50) (Table 2). Collectively, the prevention of future monkeypox outbreaks should involve reducing global zoonosis infections, population-level surveillance, shutting down transmission chains, as well as designing and promoting adequate vaccines and antivirals (164).


TABLE 2    Characteristics of the different potential medicines for the treatment or prevention of monkeypox.
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9. Treatment

There is currently no specific therapy for treating the underlying cause of this disease (2, 30, 158). Therefore, symptomatic treatment and the prevention of secondary infections are the recommended approaches (2, 30, 158). At the time of this review, there was no definitive evidence that antivirals were effective for treating monkeypox in humans, but since they are effective in treating animals, they are also expected to be effective in treating humans (6, 165, 166). Although there are no monkeypox-specific antivirals, antivirals such as brincidofovir and tecovirimat can be used to treat monkeypox (5, 167). Tecovirimat is safe to be used in the early stages of the infection, and if treatment is initiated during the incubation period it can prevent overt clinical presentations (168, 169). Brincidofovir, which is a lipid conjugation of cidofovir, can also be used to treat monkeypox, although in some cases it has resulted in elevated liver enzymes (7). The duration of treatment is around 14 days (170) (Table 2).



10. Conclusion

The 2022 monkeypox outbreak has deeply affected the world’s healthcare systems, which were simultaneously combating the COVID-19 pandemic. The expansion of the disease outside Africa indicates that it is no longer a rare viral infection that is only found in the forested regions of Central and Western Africa. The outbreak has again highlighted the importance of early diagnostic and preventive methods in effectively tackling the spread of a new and highly transmissible disease. Therefore, it is essential to identify the clinical features of the disease, to determine appropriate diagnostic methods, as well as to develop techniques to effectively treat and prevent this disease.



Ethics statement

This study was reviewed and approved by Ethics Committee of Shahid Beheshti University of Medical Sciences, Tehran, Iran (IR.SBMU.RETECH.REC.1401.389).



Author contributions

SS, SA, MZ, SAN, and A-AK designed the study. MZ, AF, AM, MZo, FS, SAN, MJMS, RM, A-AK, SA, and SS drafted the initial manuscript. All authors reviewed the drafted manuscript for critical content and approved the final version of the manuscript.



Funding

The Shahid Beheshti University of Medical Sciences, Tehran, Iran (Grant No. 43002597) supported the present report.



Acknowledgments

We would like to thank the Clinical Research Development Unit of Tabriz Valiasr Hospital, Tabriz University of Medical Sciences, Tabriz, Iran for their assistance in this research.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Footnotes
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Variable Monkeypox Smallpox Chickenpox

Time period (days)

Incubation stage 7-17 7-17 10-21

Prodromal stage 1-4 1-4 0-2

Tllness stage (from the appearance of 14-28 14-28 10-21

rashes to desquamation)

Severity of symptoms

Prodromal fever Moderate Severe None or mild

Fever Moderate Severe Mild

Malaise Moderate Moderate Mild

Headache Moderate Severe Mild

Lymphadenopathy Moderate None None

Lesions

Distribution Centrifugal Centrifugal Centripetal

Frequency of lesions on the palms or Common Common Rare

soles

Appearance Hard, well-circumscribed, Hard, well-circumscribed, umbilicated Superficial, irregular borders,

umbilicated “dew drop on a rose petal”

Depth (diameter in mm) Deep (4-6) Deep (4-6) Superficial (2-4)

Evaluation Homogenous Homogenous Heterogeneous

Progression Slow progression with each stage Slow progression with each stage lasting Fast progression
lasting 1-2 days 1-2 days

Extracutaneous manifestations

Secondary skin/soft-tissue infection 19% Possible Possible

Pneumonitis 12% Possible 3-16%

Ocular complications 4-5% 5-9% No

Encephalitis <1% <1% <1%
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Dose and

consumption
instructions

Effectiveness

ACAM2000 N/A Highly protective against
vaccine monkeypox infection
and is also recommended
within 4 days of having
close contact with a
confirmed  monkeypox
case
Cidofovir Administered intravenously | Itis effective against many
and accompanied by DNA viruses, including
probenecid and hydration monkeypox.
(avoiding renal toxicity).
Tecovirimat N/A This medicine is used to
SIGA (Tpoxx) or deal with orthopoxvirus
Brincidofovir infections.
ST-246 (Drug) Oral administration It prevents the
intracellular spread of

the virus and is used in
orthopoxvirus infections.

CMX-001

N/A

A modified formulation
of cidofovir that lacks
the same degree of

nephrotoxicity.

N/A, not available.
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