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Abstract

:

Mpox (previously known as monkeypox) is an infectious viral illness caused by the mpox virus (MPXV), an orthopoxvirus that belongs to the family Poxviridae. The symptoms of mpox in humans are similar to those of smallpox, although the mortality rate is lower. In recent years, the concern over a potential global pandemic has increased due to reports of mpox spreading across Africa and other parts of the world. Prior to this discovery, mpox was a rare zoonotic disease restricted to endemic regions of Western and Central Africa. The sudden emergence of MPXV cases in multiple regions has raised concerns about its natural evolution. This review aims to provide an overview of previously available information about MPXV, including its genome, morphology, hosts and reservoirs, and virus–host interaction and immunology, as well as to perform phylogenetic analysis on available MPXV genomes, with an emphasis on the evolution of the genome in humans as new cases emerge.
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1. Introduction


Mpox (previously known as monkeypox) is a zoonotic viral illness caused by the mpox virus (MPXV), an orthopoxvirus within the Poxviridae family. The probable origin of the term ‘monkeypox’ likely derives from the fact that MPXV was first identified in 1958 in Singapore-shipped study monkeys [1]. The variola virus (VARV), the causative agent of the fatal smallpox disease, is also a member of the genus Orthopoxvirus. The symptoms of mpox in humans resemble those of smallpox, but with a reduced death rate [2,3]. In the 1970s, sporadic cases of MPXV in humans were detected in a number of African countries; however, over the past two decades, the virus has spread more widely across the continent.



Recently, mpox has made headlines around the world and raised fears of a new global pandemic. Over 110 countries on 6 continents have reported cases, and the Centers for Disease Control and Prevention (CDC) has issued a level two alert [4]. Prior to this discovery, mpox virus (MPXV) was a rare zoonotic disease restricted to endemic regions of Western and Central Africa. Two distinct clades of MPXV can be distinguished phylogenetically: Central African (also known as the Congo Basin) and West African. All known non-African cases, including those currently circulating, have been attributed to the West African clade [5,6]. Currently, it is being investigated whether genetic alterations in the MPXV genome are to blame for the current outbreak [7].



In light of the recent increase in mpox cases, we provide a narrative review of previously available information about MPXV, as well as performing phylogenetic analysis on available MPXV genomes, with an emphasis on its evolution in humans as new cases emerge.




2. Mpox Virus


2.1. Introduction to the Family Poxviridae


Poxviruses are large DNA viruses that infect a diverse array of hosts. The Poxviridae family is separated into Chordopoxvirinae, which infect vertebrates, and Entomopoxvirinae, which infect insects [8,9]. Orthopoxviruses from the Chordopoxvirinae genus include the human pathogens variola virus (VARV), which causes smallpox, and the mpox virus (MPXV) as well as the vaccinia virus (VACV). All Orthopoxviridae induce humoral responses that are cross-reactive in addition to cellular immune responses.



Orthopoxviruses are enveloped, double-stranded DNA viruses with a genome encoding ~200 genes and a size of 180–220 kilobase pairs (kb). The virions are around 250 nm × 220 nm in size. A low-pH-dependent macropinocytotic uptake releases the viral core into the cytoplasm, enabling viral entrance into the cell [10]. Initiation of early gene expression and virus uncoating occurs in the viral core [11]. This results in DNA replication followed by gene expression at the intermediate and late stages. The assembly of DNA molecules, viral enzymes, and structural proteins produces mature viral particles [12]. The two infectious mature forms of poxviruses are the extracellular enveloped virus (EEV) and the intracellular mature virus (IMV) (Figure 1). It is believed that EEV facilitates the spread of the virus within an infected organism, whereas IMV facilitates transmission between hosts [12,13,14].




2.2. Genome and Morphology of MPXV


The MPXV genome is about 197,000 kb in size and contains more than 190 open reading frames (ORFs) [15,16]. The highly conserved central coding region of the genome is flanked by diverse ends that contain inverted terminal repeats. At least 90 open reading frames (ORFs) are necessary for the replication and morphogenesis of poxvirus. Many so-called non-essential ORFs play a role in the differences in poxvirus host tropism, immunomodulation, and pathogenesis, and many ORFs have yet to be functionally characterized [17]. The average size of MPXV virions is 280 nm × 220 nm, and they are shaped like barrels or ovals [18]. Poxvirus mature particles have a distinctive dumbbell-shaped nucleoprotein core that contains a large double-stranded linear DNA genome [18]. In addition to virus-encoded DNA-dependent RNA polymerases and related transcriptional enzymes, MPXV virions contain over 30 structural and membrane viral proteins [19,20].



The central portion of the MPXV genome contains genes known to be essential for orthopoxviruses [15,21]. However, in contrast to other orthopoxvirus genomes, a minority of ORFs are lost or truncated in the MPXV genome [15,22,23]. Several ORFs encoding genes involved in immune evasion have been identified as being disrupted in the West African clade; these mutations may account for the lower virulence of this clade compared to the Central African clade [22,23,24].



The virus exists in two distinct infectious forms, namely the intracellular mature virus (IMV) and the extracellular enveloped virus (EEV), whose surface glycoproteins and cell-infecting mechanisms are distinct [25]. EEV, which is believed to be responsible for early dispersal, and IMV released during cell lysis are both capable of mediating infection [26,27]. The fundamental structural distinction between IMV and EEV is that IMV lacks the additional outermost membrane layer. The amounts of viral proteins incorporated into the two types of virions also differed [20,26].



MPXV replication is a complicated process, although it is widely believed to be the same as that of other orthopoxviruses [25]. MPXV entry receptors have not been definitively discovered; however, it has been hypothesized that viral entry is dependent on viral strain and host cell type and involves numerous surface receptors, such as heparan sulfate or chondroitin sulfate [28,29,30]. The surface proteins H3, D8, and A27 have been linked to viral binding in VACV [28,29,30]. Eleven conserved proteins create a complex known as the entrance fusion complex, which allows VACV to gain access into the cell after binding [31].




2.3. Hosts and Reservoirs


MPXV has been discovered in numerous species, but it remains unclear as to which of these species acts as the primary animal reservoir. Tissue and host tropism have a significant impact on the virus’ dissemination and propagation inside an infected host and between hosts [25]. Numerous mammalian species have been spontaneously infected with MPXV, despite the fact that its reservoir host has not been discovered [32,33,34,35,36,37]. Thus, it is assumed that MPXV has a broad host range. A study discovered large quantities of viral DNA and live virions in a variety of organs in animals that died after being exposed to Congo Basin MPXV, which may indicate a broad tissue tropism [38]. There is no clear reservoir or natural host for MPXV, although it has been discovered that rodents and non-human primates are possible natural reservoirs and incidental hosts [39,40,41,42].





3. Virus–Host Interaction and Immunology


3.1. Innate Immune Responses to MPXV


Typically, innate immune cells serve as the initial line of defense following an active viral infection; nevertheless, these cells are also targets for certain viruses. Numerous in vitro and in vivo studies have established that poxviruses target monocytes first [43,44,45,46,47]. Similar to monocytes, natural killer cells are an essential component of innate immunity [48]. In rhesus macaques infected with MPXV, natural killer cell counts increase dramatically in peripheral blood and the lymph nodes [49]. Prior to this fast expansion, MPXV infection greatly inhibited the migratory capacity of the major natural killer cell subsets, which severely hindered their recruitment into lymphoid and/or inflammatory tissues [49].



Numerous innate immune cells, including macrophages, neutrophils, natural killer cells, conventional dendritic cells, plasmacytoid dendritic cells, and innate lymphoid cells, play unknown functions in MPXV-infected patients. The characterization and profiling of these immune cells during MPXV infection will be crucial for elucidating their activities and developing prognostic biomarkers. It has been shown that human IFN-β inhibits MPXV replication and spread [50]. However, MPXV did not strongly activate TNF-regulated and NF-κB-regulated genes, particularly in infected animals [45]. Numerous cytokines are raised in reported cases of human MPXV infection [51]. By suppressing inflammatory and antiviral immune responses, VACV is able to evade immunological responses, and MPXV may use a similar strategy to trick the host immunity [52,53,54,55].




3.2. Adaptive Immune Responses to MPXV


With the successful worldwide immunization effort that eradicated smallpox with a live VACV vaccine, the relevance of B cells and immunoglobulins against poxviruses was proven [56,57]. VACV-specific B cell responses were instrumental in shielding rhesus macaques from a fatal MPXV infection [58]. Importantly, epidemiological studies have shown that the VACV vaccine protects against additional poxviruses, including MPXV [59]. In several cases, the VACV-specific memory B cells and antibody levels generated by immunization lasted longer than 50 years [60,61]. However, only 50% of vaccinated patients had neutralizing antibody titers sufficient for conferring protective immunity against smallpox after 20 years [44,62]. It is probable that cross-protective immunity against mpox will also diminish over time.



CD4+ T cells, specifically T follicular helper cells, have a role in promoting the recall and differentiation of memory B cells into antibody-producing cells [63]. Following vaccination with VACV, memory CD4+ T cells were found to remain for at least 50 years, with an estimated half-life of 8–15 years [61]. It has been demonstrated that the amount of CD4+ T cells is crucial for eliciting a protective antibody response against deadly MPXV infection in vaccinated rhesus macaques [58]. T cells can have direct antiviral roles in addition to assisting in the generation of antibodies. Given that orthopoxviruses, including MPXV, infect and spread in macrophages, cytolytic T cells can play a crucial role in eradicating infected macrophages to prevent viral propagation [43,44,45,46,47]. CD8+ T cells have been shown to destroy virus-infected monocytes and inhibit virus propagation in a mouse model of VACV infection [64]. However, the connection between CD4+ and CD8+ T cell responses and the severity of MPXV infection remains ambiguous in human studies.




3.3. Immune Evasion


Poxviruses adopt a variety of strategies to prevent identification and removal by the immune systems of their hosts. In primary fibroblasts, MPXV infection does not increase interferon-stimulated gene expression and lowers TNF-α, IL-1, IL-6, and CCL5 activation [47]. Multiple MPXV-encoded proteins assist immune evasion (Table 1). For instance, viral protein B16 inhibits antiviral signaling induced by type I interferon [65]. A homolog of D7L has been discovered to block the proinflammatory cytokine interleukin 18 (IL-18) which is required for the regulation of mpox viraemia in mice [66]. ZAP targets CpG dinucleotides in RNAs and exerts a selective pressure on CpGs in viral genomes [67,68,69]. However, neither the MPXV genome nor mRNAs are inhibited by ZAP. The C16 protein of VACV has been shown to bind ZAP and decrease its antiviral activity, and its homolog in MPXV may play a similar role [70]. Another example of an MPXV immunomodulator is complement control protein (CCP) which inhibits the initiation of the complement activation pathway [71]. As it lacks the CCP gene, the West African (WA) clade has a lower case fatality rate than the Congo Basin (CB) clade [72]. The removal of CCP from the CB MPXV strain reduced the incidence and mortality of prairie dog illness [71]. However, additional characteristics not yet identified contribute to the pathogenicity difference between the WA and CB clades. As many additional MPXV ORFs need to be functionally characterized, our knowledge of MPXV immunomodulators is still insufficient.





4. Transmission and Epidemiology


4.1. Transmission


Contrary to its name, MPXV is not originated from monkeys. Humans and monkeys are merely incidental hosts and the reservoirs are thought to predominantly include rodents [73]. The transmission of MPXV from animals to humans is well documented and often happens through contact with body fluids or a bite [74]. The systemic disease was more likely to develop in patients with an invasive bite from an infected animal than in those with noninvasive exposures. Large respiratory droplets, extended face-to-face contact, close touch with infectious skin lesions, or bodily fluids are typically required for human-to-human transmission to take place. Risk factors for viral transmission also include contaminated objects and surfaces, such as sharing a home, sleeping in the same bed, or eating or drinking from the same dishes as an infected person [75]. The virus may be transmitted from the mother to the fetus through the placenta [75]. Although there are issues over the viability of aerosol delivery of MPXV, there is no evidence to support this at this time. Despite the fact that cases of mpox associated with sexual contact are more likely to be the result of direct contact with skin lesions than sexual transmission, the latter theory was proposed after seminal fluid samples from some cases tested positive for MPXV [76]. Nonetheless, the clinical significance of this remains unknown.




4.2. Epidemiology


MPXV was initially isolated in 1958 in Copenhagen, Denmark, following two outbreaks of a nonfatal rash disease in Singaporean cynomolgus macaques held in captivity [77]. In the decade that followed, similar epidemics were observed in European and American primate colonies [1]. MPXV was not identified as a human disease until the first human case was discovered in 1970. During the late phase of the global smallpox eradication campaign, rigorous surveillance for smallpox-like diseases in West and Central Africa found the first case of a child in the Democratic Republic of the Congo (DRC) [78,79]. Six further cases were later discovered in Liberia, Nigeria, and Sierra Leone [80].



Prior to the epidemic in the USA in 2003 when infected rodents were unintentionally transported there, mpox was not known to exist outside of Africa [18]. A total of 34 laboratory-confirmed human mpox cases were found at that time, totaling 71 cases across 6 states [81]. The disease appears to have a relatively low rate of person-to-person transmission during that outbreak [82]. Even before the current outbreaks, concern regarding the impact of mpox on public health was mounting due to the disease’s geographic spread and subsequent comeback in regions where cases had not been reported in decades [72].



From 2018 to 2021, four individuals in the UK were diagnosed with travel-associated MPX which was then transmitted to three additional patients [83]. The first household cluster outside of Africa was noted at this time. According to the UK, another instance of mpox outside of Africa was discovered on 7 May 2022 in a traveler coming back from Nigeria. Numerous instances have now been discovered, many of which lack epidemiological connections to the imported case from Nigeria or to the family cluster. However, it has been noted that many of these new cases involved men who have sex with men (MSM) who frequently displayed symptoms of a rash resembling a vesicular disease, lymphadenopathy, and fever [84]. More than 85,000 people have been affected by the disease so far, with cases recorded in 110 countries mostly not typically endemic for MPXV, and in some cases with no known travel connection [4,85].



The recent cases demonstrated a quick human-to-human transmission, prompting fears for a rapid community expansion. Since the majority of the patients did not visit the endemic regions of Africa, it is plausible that community transmission has gone undetected in the past. Additionally, the fact that it spread to other nations at the same time shows that there were numerous sites of introduction and transmission. These outbreak-related topics require more in-depth research to be able to be answered.



The reasons for the resurgence of mpox cases have been hotly debated with declining immunity being the most popular theory [86,87,88]. Deforestation might potentially contribute to the problem or perhaps act as a potentiator. Mpox was unknown during the period when smallpox was common. This might have happened because the two diseases present similarly and the focus was on smallpox or because the absence of laboratory evidence of the etiologic agent led to the assumption that smallpox was the cause [89]. Another potential element influencing the recurrence of the disease is the genetic evolution of the mpox virus which will be discussed in detail in the next section.





5. Phylogeny and Evolution


The evolution of zoonotic infections to become more transmissible or virulent in humans is a key cause for concern. Particularly, regarding OPXVs such as MPXV, there is concern about the risk that they could evolve into infections capable of causing another smallpox-like pandemic. Reviewing the evolution mechanisms of poxviruses, some of which are highly unusual among viruses, can provide insight into the MPXV’s evolutionary potential.



5.1. Phylogeny


In contrast to smallpox which has only ever been associated with humans, MPXV can infect both animals and humans [32]. The virus can be separated into the Central African clade and the West African clade based on genetic and geographic variation [90]. Based on the higher mortality rates that have been observed, the Central African clade appears to be more virulent [91].



We examined MPXV genomes from GISAID and NCBI that correspond to the various MPXV outbreaks and contain virus sequences from animal reservoirs and earlier human outbreaks. These MPXV genomes diverged into three major clades identified for MPXV: the MPXV Clade 1 from the 1970 to 2017 outbreaks in Central Africa; the MPXV Clade 2 from the 1970 to 2017 outbreaks in different nations; and the MPXV Clade 3 from the recent MPXV epidemic outbreaks (2017–2022). The latter clade consists of the newly classified lineages A.1, A.1.1, A.2, and B.1, with lineage B.1 comprising all the MPXV genomes from the 2022 outbreak (Figure 2). Thus, we focused our further analysis of single-nucleotide polymorphisms (SNPs) in Clade 3.



Even though the Central African clade is more frequent, outbreaks in the United States and Nigeria account for the majority of West African clade cases. This was also found in instances involving travel to Israel, Singapore, and the United Kingdom [99,100,101]. All cases reported in the United Kingdom during the current outbreak have been attributed to the MPXV West African clade, and all MPXV genomes from the 2022 mpox outbreak belonged to this clade [85].



The 2022 outbreak cluster, lineage B.1, is a divergent branch that descends from a lineage A.1 linked to MPXV exports in 2018 and 2019 from Nigeria to the United Kingdom, Israel, and Singapore, with genetic ties to a sizable outbreak that occurred in Nigeria in 2017–2018 [90,91,102]. Given these findings and the historical epidemiology of the MPXV, it is likely that the MPXV imported from an endemic country caused the outbreak that broke out in 2022. The MPXV detected in 2022 may also represent the ongoing spread and evolution of the virus that caused the outbreak in 2017–2018 in Nigeria.




5.2. SNPs


As its DNA genome is replicated by a viral DNA polymerase with 3′−5′ exonuclease proofreading activity, the mutation rate of poxvirus is lower than that of RNA viruses [103]. The estimated substitution rate of poxviruses from the molecular clock study is between 2 × 10−6 and 1 × 10−5 nucleotide substitutions per site per year, which could result in up to 2 nucleotide alterations in the genome every year [104,105]. Comparatively, the substitution rates for RNA viruses range from 10−2 to 10−5 nucleotide changes per site per year [106].



The genomes of the initial MPXV isolate from West Africa in 1971 and of strains from the outbreak in 2022 change by less than 0.06%. Analysis of the nucleotide makeup of the MPXV genome indicated that its AT content is approximately twice as high as its GC content [107]. It is well recognized that mammalian DNA and RNA binding or editing enzymes impose selective pressures on viral genomes, frequently causing a bias in genomic nucleotide utilization. APOBECs, for instance, can accelerate viral mutation rates, resulting in a drop in C content and an increase in T content as a result of cytosine deamination [108,109]. Early investigations demonstrated that APOBEC3 family members have no effect on the short-term replication of VACV [110], but assessments of MPXV genomes from previous years and the ongoing 2022 outbreak revealed that 90% of new nucleotide alterations were indicative of APOBEC3 editing [107].



In order to quickly gain the first insights on phylogenetic placement and evolutionary tendencies of the MPXV that causes the recent outbreak, we concentrated our research on the first outbreak related MPXV genome sequence which was publicly disclosed in 2018 as well as on subsequent sequences released in NCBI and GISAID before September 2022. The sequences were aligned and translated by nextalign using the annotated pre-outbreak sequence (NCBI Reference Sequence: NC_063383.1, GISAID Accession ID EPI_ISL_13056282) as the reference sequence. The clade that each sequence belongs to was assigned using nucleotide substitutions defined by the Nextstrain team [92]. A custom script was used to identify nucleotide and amino acid substitutions in each sequence compared to the reference, so the date that a substitution first appeared and the frequency of the substitution in the years before the outbreak and months after the outbreak can be obtained (Supplementary Table S1).



Notably, the 2022 MPXV diverges from the comparable 2018 virus much faster than expected based on prior estimates of the substitution rate for Orthopoxviruses (1–2 substitutions per genome per year) [111]. This divergent branch could indicate rapid evolution. Among these SNPs, we analyzed their frequency of appearance in different months in 2022 and found 31 frequent non-synonymous mutations (Table 2). The frequent amino acid mutations were clustered into four groups based on their dates of first appearance which were determined through evolutionary analysis. Notably, the incidence of amino acid mutations that are conserved in the MPXV genomes over time has increased significantly since November 2021 (Figure 3). The occurrence of multiple genetic changes within a brief period, which is not frequently observed in orthopoxviruses related to MPXV, implies that the virus has rapidly adapted to its host and gained a fitness advantage that helps to maintain human-to-human transmission [104]. This rapid sequence of alterations may have allowed the virus to quickly adapt to new hosts or environmental conditions, resulting in a higher likelihood of transmission and establishment in the human population. Such an ability to quickly adapt and evolve may be critical for the virus to persist and spread in a dynamic and changing environment.




5.3. Recombination


During cell infection, poxviruses undergo high-frequency recombination [112,113]. There has been naturally occurring intra-species recombination between VARV and VACV strains [114,115]. Recombination is thought to be one of the main forces driving poxvirus evolution [112]. The 3′-to-5′ exonuclease activity of viral DNA polymerases plays a crucial role in inducing genetic recombination during vaccinia infection [116]. This genetic recombination allows the vaccinia virus to adjust and resist the antiviral response of the host cells that is triggered by Protein Kinase R (PKR). Overwhelming evidence suggests that tandem gene duplications are the product of recombination [117,118]. However, spontaneous recombination events involving MPXVs are seldom described. A recent study reports the first natural recombination of the MPXV genome using SNP-dependent and SNP-independent analysis tools, namely linkage disequilibrium (LD) and tandem repeat (TR) analysis [119]. The authors speculate that the progeny MPXV recombinants emerged from a single origin, gained mutations, evolved into different lineages, and then underwent homologous recombination through multiple possible mechanisms. The resulting recombinants had mosaic patterns of TRs or mutations and no defective MPXV virus was detected arising from a single infection.



A study used homologous recombination to replace the D14L gene in the MPXV-Z genome with an EGFP-GPT cassette to assess the involvement of the monkeypox inhibitor of complement enzymes (MOPICE) in MPXV pathogenesis [120] and a recombinant MPXV producing green fluorescent protein was generated to analyze MPXV infection in a monkey model [121]. The possibility of constructing recombinant MPXVs in the laboratory increases the prospect that recombination between co-infecting MPXVs and naturally occurring OPVs may occur or has occurred in nature.




5.4. Gene Loss and Amplification


OPV evolution is additionally driven by variance in its genome content. The vast, adaptable genome of poxvirus enables substantial structural alterations that lead to gene loss or gene gain and alter viral behaviors more rapidly. OPVs adapt to their host by discarding and acquiring genes [122]. Researchers used the vaccinia poxvirus as a model and exposed it to serial propagation in human cells where the anti-host factor K3L is not effective against the anti-viral Protein Kinase R [123]. The viruses rapidly improved their fitness by repeatedly amplifying the K3L gene, resulting in up to 7–10% increases in genome size. These gene expansions were essential to counteract human PKR and allowed for an adaptive amino acid substitution in K3L that defeated PKR. The study also found that subsequent reductions in gene amplifications offset the costs associated with a larger genome size while retaining adaptive substitutions. This discovery explains how poxviruses can quickly adapt and overcome various host defenses despite having low mutation rates.



The genome-sequence length and gene content correlate positively with a broad host range but negatively with the pathogenicity [124]. The WA clade of MPXV has bigger genomes and more content than the CB clade, which may contribute to the WA clade’s lower pathogenicity [125]. This is supported by research conducted on ground squirrels which indicated that animals infected with Congo Basin MPXV had more severe symptoms and died sooner than animals infected with West African MPXV [126,127]. Strong evidence suggests that the primary mechanism for gene loss is the introduction of early stop mutations which lead to fragmentation, truncation, and total deletion of the ORF [128]. In a recent study, the genomes of five MPXV viruses from the 2022 outbreak in multiple countries were characterized, revealing gene duplications of up to 18,000 bp from both the left-to-right and right-to-left ITR regions [129]. This duplication led to gene deletions of up to 17,000 bp in the insertion region, suggesting that gene duplication and loss may be potential mechanisms of adaptation to the human host during the current MPXV outbreak. These findings highlight the importance of monitoring the genome ends, in addition to tracking non-synonymous mutations in future surveillance efforts.





6. Discussion


In the midst of the COVID-19 pandemic, the sudden emergence and escalating number of MPXV cases in non-endemic nations have sparked international concern [85]. With regard to the unusually enhanced human-to-human transmission among patients who have no prior travel history to endemic areas, the sudden emergence of MPXV cases in several regions has raised many concerns about the natural evolution of this current multi-country outbreak [130]. This suggests the existence of undetected transmission chains with multiple sources of introduction.



Multiple ideas have been proposed to explain the sudden increase in cases in Africa and other nonendemic regions. One theory argues that the end of mass smallpox vaccination in the 1980s, which conferred up to 85 percent cross-immunity against MPXV, enhanced human sensitivity to the virus [131,132]. In turn, this has imposed selective pressure on MPXV, encouraging the evolution of immune evasion mechanisms and resulting in an increase in the virus’ transmissibility. The acquisition of non-synonymous mutations associated with coding areas for expected host recognition elements could be a source of fitness adaptation for the virus, according to a second theory [107]. The occurrence of specific mutations in lineage B.1 genomes relative to those of related viruses in 2018–2019 cases has piqued the interest of researchers due to its segregation into this divergent phylogenetic branch and signaling accelerated micro-evolutionary events that may lead to increased human-to-human transmission [107].



The appearance of the lineage B.1 MPXV, which is responsible for the current outbreak on the European continent, was projected to have occurred as early as March 2022. This finding may indicate that B.1 developed and propagated across Europe, spawning the first cases of MPXV which then spread to other continents including Oceania and the Americas. Moreover, our analyses indicate that the MPXV has been adapting more rapidly over the past two years, suggesting accelerated adaptation to its host. The COVID-19 pandemic and multiple previous studies on viruses have demonstrated the importance of turning genetic results into useful techniques for tracking transmission patterns and predicting the advent of rapidly evolving diseases, such as the 2022-MPXV [133,134,135,136,137,138,139]. Given the unique characteristics of this outbreak, it is crucial to maintain genomic surveillance efforts to discover and inform genetic changes of the virus in order to develop preventative and control measures in a timely manner.
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Figure 1. Schematic of the four infectious virion forms of poxviruses produced during the virus life cycle. IMV, intracellular mature virus; IEV, intracellular enveloped virus; CEV, cell-associated enveloped virus; EEV, extracellular enveloped virus. 
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Figure 2. Phylogenetic analysis of MPXV Clade 3 lineage A (A) and lineage B (B). Genomic sequences were downloaded from GISAID (https://gisaid.org/) (accessed on 7 December 2022) with their metadata, including the date and location that the sequences were collected. The sequences were aligned and translated by nextalign using an annotated pre-outbreak sequence (NCBI Reference Sequence: NC_063383.1, GISAID Accession ID EPI_ISL_13056282) as the reference sequence. The clade that each sequence belongs to was assigned using nucleotide substitutions defined by the Nextstrain team at https://github.com/nextstrain/monkeypox/blob/master/config/clades.tsv (accessed on 7 December 2022) [92]. A custom script was used to identify nucleotide and amino acid substitutions in each sequence compared to the reference so the date that a substitution first appeared and the frequency of the substitution in the years before the outbreak and months after the outbreak can be obtained. The aligned genomes were trimmed with trimAl for phylogenetic analysis using IQ-TREE [93,94]. The maximum likelihood trees of both Lineage A and B were inferred with the automatic ModelFinder and ultrafast bootstrap [95,96]. The resulting trees were visualized with the Interactive Tree Of Life (iTOL) [97,98]. 
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Figure 3. The incidence of frequent amino acid mutations. The frequency of the appearance of SNPs in different months in 2022 was analyzed and 31 frequent non-synonymous mutations were found. The frequent amino acid mutations were clustered into four groups based on their dates of first appearance, which were determined through evolutionary analysis. The mutations located in different viral proteins are indicated by colors. The data of record numbers are sourced from Table 1. 
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Table 1. Immune evasion genes of the mpox virus.
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	Protein Function
	Gene *





	Ankyrin-like protein
	OGP037



	CC chemokine binding protein
	OPG001



	TNF and chemokine binding protein, CrmB
	OPG002



	Ankyrin-like protein
	OPG003



	Ankyrin-like protein
	OPG003



	Ankyrin-like protein
	OPG015



	Ankyrin-like protein
	OPG015



	OMCP, inhibitor of natural killer cell-mediated NKG2D-dependent cell lysis
	OPG016



	Viral growth factor; EGF-like protein
	OPG019



	Apoptosis inhibitor
	OPG021



	IL-18 binding protein
	OPG022



	Ankyrin-like protein
	OPG023



	Ankyrin-like protein
	OPG025



	Inhibitor of IRF3 and IRF7 activation; BCL-2-like protein
	OPG029



	Inhibitor of IRF3 and NF-κB activation, apoptosis inhibitor; BCL-2-like protein
	OPG035



	Ankyrin-like protein
	OPG039



	Inhibitor of IRF3 NF-κB activation; BCL-2-like protein
	OPG044



	Apoptosis inhibitor
	OPG045



	Double-stranded RNA-binding protein, inhibitor of interferon signalling, apoptosis inhibitor
	OPG065



	Dephosphorylation of STAT1; phosphatase
	OPG106



	Inhibitor of MHC class II antigen presentation
	OPG163



	CC and CXC chemokine binding protein
	OPG170



	Inhibitor of NF-κB activation; BCL-2-like protein
	OPG176



	Ankyrin-like protein
	OPG189



	IFNγ binding proteins
	OPG193



	Inhibitor of intracellular trafficking of MHC class I molecules
	OPG195



	Apoptosis inhibitor, caspase 1 and caspase 8 inhibitor, SPI-2
	OPG199



	Inhibitor of NF-κB activation; BCL-2-like protein
	OPG200



	IFNα/β binding proteins
	OPG204



	Ankyrin-like protein
	OPG205



	Apoptosis inhibitor, SPI-1
	OPG208







* Genes from a Western African clade mpox virus strain (Accession No. NC_063383). OMCP, orthopoxvirus MHC class I-like protein; EGF, epidermal growth factor; IL, interleukin; IRF, interferon regulatory factor; BCL-2, B cell lymphoma 2; SPI, serine protease inhibitor.
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Table 2. Frequent amino acid mutations.
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	Protein
	Sub-Virion Location
	Site
	Mutation
	Time of First Appearance





	A14L
	Membrane
	17
	A17T
	1 September 2018



	A19R
	Other
	435
	E435K
	1 September 2018



	B9R
	Secretory
	263
	L263F
	1 September 2018



	E6R
	Other
	606
	K606E
	1 September 2018



	G8L
	Other
	196
	D196N
	1 September 2018



	H4L
	Other
	740
	H740Y
	1 September 2018



	L6R
	Other
	734
	S734L
	1 September 2018



	A19R
	Other
	62
	E62K
	1 July 2019



	A24R
	Other
	307
	S307L
	1 July 2019



	J1L
	Secretory
	105
	S105L
	1 July 2019



	J1R
	Other
	264
	D264N
	1 July 2019



	J3L
	Other
	264
	D264N
	1 July 2019



	J3R
	Secretory
	105
	S105L
	1 July 2019



	A19R
	Other
	243
	R243Q
	1 November 2021



	B21R
	Other
	209
	D209N
	1 November 2021



	B21R
	Other
	1741
	M1741I
	1 November 2021



	C15L
	Membrane
	78
	P78S
	1 November 2021



	C18L
	Membrane
	125
	E125K
	1 November 2021



	C9L
	Other
	48
	R48C
	1 November 2021



	D9L
	Secretory
	423
	A423D
	1 November 2021



	F8L
	Other
	108
	L108F
	1 November 2021



	F9R
	Membrane
	56
	D56N
	1 November 2021



	G9R
	Other
	30
	S30L
	1 November 2021



	J2L
	Secretory
	54
	S54F
	1 November 2021



	J2R
	Secretory
	54
	S54F
	1 November 2021



	A47R
	Secretory
	221
	H221Y
	1 January 2022



	B21R
	Other
	722
	P722S
	1 January 2022



	C19L
	Membrane
	353
	E353K
	1 January 2022



	G10R
	Membrane
	142
	M142I
	1 January 2022



	G9R
	Other
	88
	D88N
	1 January 2022



	M4R
	Other
	162
	E162K
	1 January 2022
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