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Objective: Monkeypox is a viral zoonotic disease endemic to West and Central Africa; it has been reported
in more countries during the last decade than in the previous 40 years. In 2022 a multinational outbreak
occurred. This change in the epidemiology of the virus may represent an evolutionary adaptation. The
purpose of this study is to analyze the molecular aspects of Monkeypox virus (MPXV) disease that may
explain the latter’s change in epidemiology during the 2022 outbreak.

Methods: From July 2022 through December 2022, the period of the outbreak, a narrative review was
conducted on the available literature, with a total of 271 articles published in the MEDLINE/PubMed and
LILACS databases being examined. The chosen articles were organized using the search and reference
manager Mendeley Desktop 1.19.4. Duplicates and articles that did not meet the study’s objective were
eliminated, resulting in the selection of 49 articles for the present review.

Discussion: MPXV resurgence poses challenges due to waning immunity and changing epidemiological
patterns. Recent outbreaks show different transmission routes, affecting new demographics. Genomic
evolution, vaccination history, and potential new animal reservoirs complicate containment efforts.
Continued surveillance and vaccination are crucial for control.

Conclusions: It seems possible that MPXV has (re-)emerged to occupy the ecological niche left by the
smallpox virus. Mutations of the apolipoprotein B mRNA editing enzyme, catalytic subunit 3G maotif, in
MPXV clade IIb since 2017 may explain the epidemiological change that has occurred in recent years.

This pattern could be due to sustained transmission in a new host or a new route of infection.

[P R Health SciJ 2024;43(3):111-118]
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he monkeypox virus (MPXV) is a poxvirus belonging
Tto the genus Orthopoxvirus (OPV), which includes the

camelpox, cowpox, vaccinia, and variola viruses. It is the
most important OPV affecting human populations since the
eradication of smallpox in 1980 (1). A self-limiting zoonotic
viral disease found primarily in people residing in areas adjacent
to tropical rainforests in Africa, MPXV is transmitted primarily
through the blood, bodily injury, fluids from infected animals, the
shedding of viral particles through the feces, and the exchange of
contaminated items (2). However, on 23 July 2022, the World
Health Organization (WHO) declared a multinational outbreak
of monkeypox due to an increase in cases and because the clinical
teatures differed from those previously described in African
outbreaks. According to early reports, most of the cases were
linked to transmissions that had occurred primarily among men
who have sex with men (MSM) (3). According to data, as of 11
November 2022, the total number of confirmed cases amounted
to about 65,000, with Spain and France being the most affected
countries in Europe (4).

While this is not a new disease, such a rapid series of MPXV
infections has not been experienced in either Europe or America
since the detection of the first human case in 1970. Reports of the
disease were generally sporadic, with Nigeria reporting 10 human
infections from 1971 through 1978 (5), while cases outside the
African continent were unusual. However, from September 2017
through June 2021, there were 466 suspected cases, of which
20S were confirmed, with 8 deaths reported (6). Thus, human
monkeypox hasbeen reported in more countries in the last decade
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than was the case for the 40 years prior to it (7), making it the most
prevalent orthopoxviral infection in humans.

Against this backdrop, the new clinical features observed in the
2022 outbreak make it essential to analyze genomic studies in order
to understand the likely evolutionary adaptations of the virus,
as analyzing the genome sequences of reported MPXV isolates
through phylogenomics allows us to determine the prevalences of
the different mutations and and the evolutionary dynamics of the
virus, itself . The present research, then, aimed to analyze those
molecular aspects of MPXV disease that may explain the change
in epidemiology that occurred during the outbreak in 2022.

Methods

A narrative review of the available literature was conducted
from the start of the multinational outbreak of MPXV in July
2022 and extending through December 2022. The sources of
information consulted were the MEDLINE/PubMed and LILACS
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databases, without language restrictions. A secondary search was
also conducted for reports from the WHO, the US Centers for
Disease Control and Prevention, and the Nigerian Centre for
Disease Control. The search and analysis of the information were
performed in a customized time range (2017-2022), using MeSH
(Medical Subject Headings) linked to free terms: monkeypox, viral
zoonoses, communicable diseases, emerging, disease outbreaks,
monkeypox/epidemiology, animals, and molecular mechanism.
The search strategy employed consisted of reading and critically
analyzing the methodology, results, and discussion sections of the
articles and reviewing the molecular aspects and epidemiology of
MPXV. In so doing, a total of 271 articles were consulted, which
articles were organized in the search engine and reference manager
Mendeley Desktop 1.19.4 to then eliminate duplicates and those
articles that did not fit the objective of the study; 49 articles were
selected for the present review, and they were evaluated during the
period of November through December 2022 (Figure 1).

Development

Virology and genetic basis

The monkeypox virus belongs to the family Poxviridae,
subfamily Chordopoxvirinae, genus Orthopoxvirus. It is an ovoid
or brick-shaped virus, 200-250 nm in length, enveloped by a
geometrically corrugated lipoprotein outer membrane. The
genome consists of a linear double-stranded DNA molecule of
196.44 (+3.42) Kb, with coding sequences of 188.57 (+10.43) Kb,
and an average GC percentage of 33.06% (+0.06%) (8). Its natural
hosts are mammals, including humans, whose viral cycle occurs
in the cytoplasm of infected cells (dendritic cells, monocytes/
macrophages, B-lymphocytes, activated T-lymphocytes). The
binding of viral proteins to host glycosaminoglycans mediates
endocytosis. There are 2 forms of infectious virions produced in
infected cells: intracellular mature virus, which is released upon
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cell lysis, and extracellular enveloped virus, which can acquire a
second membrane from the Golgi apparatus and bud from cells
through interaction with actin tails, which may be the cause of the
rapid spread of infection within an infected host (9,10).

Despite the clinical similarities of the diseases, MPXV is not
considered the direct ancestor of the variola virus; rather, both
viruses evolved from progenitor poxviruses that are more similar
to the vaccine pox virus lineage (11). Traditionally, MPXV is
recognized as having 2 phylogenetically distinct clades: the Congo
Basin (central Africa) clade and the West African clade, the latter
being related to less severe MPXV infections in primates and
humans (1,12). However, following the multinational outbreak
in 2022, the phylogeny and nomenclature of the virus has been
revised, so that its naming now involves the use of a Roman
numeral for the clade and a lowercase alphanumeric character
for the subclade. Thus, the Congo Basin (Central Africa) clade
is now called clade one (I) and the West African clade, clade two
(I1); we use both forms of nomenclature interchangeably in this
manuscript. In addition, it has been agreed that clade II consists
of 2 subclades, ITa and IIb, the second of the 2 refers, primarily, to
the cluster of variants that were predominantly prevalent during
the global outbreak of 2022 (Figure 2) (13).

To explain the differences in virulence and transmissibility
between the Congo Basin and West African clades, analyses have
been carried out based on the genes that are likely to be responsible
for these characteristics. The D14L gene encodes an enzyme called
the monkeypox inhibitor of complement enzymes (MOPICE).
This enzyme is related to a pair of complement enzyme inhibitor
genes (smallpox inhibitor of complement enzymes and the virus
complement control protein) of the variola and vaccinia viruses,
respectively. The D14L gene has been found in Congo Basin
isolates but not in any of the sequenced West African viruses. The
lack of MOPICE in West African MPXYV isolates could increase
the susceptibility of virus-/virion-infected

Figure 1. Information search and analysis flowchart

cells to host-derived complement-mediated
lysis, contributing to reduced viremia,
transmissibility, and disease severity (14).

Other genes that are possibly important for
the virulence and transmissibility of MPXV

isolates from the Congo Basin are D10L
(which inhibits interferon-1 signaling),

BIOR (virulence factor for myxoma virus),

BI4R (interleukin-1 binding protein), and
BI9R (serine protease inhibitor-1) (12).

Itis estimated that the Old and New World
orthopoxviruses diverged approximately

40,000 years ago and that MPXV first

appeared in the Old World orthopoxvirus
clade about 3,500 years ago. Since then, it

- Records identified Records identified

S in PubMed (n = 221) in LILACS (n = 50)

®

2

0=

b=

=

Q

=

Total records identified a _
— (n = 271) —»{ Duplicate records (n = 15) ‘
@ Records after eliminating Excluded records (title and
« duplicates (n = 256) abstract) (n = 90)
— \ 4
. " Entries eliminated for not

(=

S Articles evalliated in full text » meeting the study objective
= (n = 166) S

B (n = 128)

©

>

w
— A 4
o Records initially

included (n = 38)

& Included articles from the

o secondary search (n = 11) >

3

E Y

= Total number of articles

included (n = 49)

has evolved and further segregated into other
genetic variants, such as the West African
MPXV subtype, which dates back about 600
years (15). As mentioned above, MPXV is
traditionally divided into 2 clades, with a
subclade of the second being responsible
for the current outbreaks outside Africa.

The coding regions involved in a given host’s
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recognition of antigenic determinants (e.g.,
the glycoproteins B21R and H3L) form the
primary distinctions between the clades
(16). However, Happi et al. (17) proposed
an alternative classification system for

Figure 2. Schematic representation of the monkeypox virus (MPXV) phylogeny. The appearance
of the lineages is presented in sequential order of sampling date, including hMPXV-1A, which
contains multiple lineages related to the international outbreak in 2022. Figure modeled
after figures in references 18 and 21 and modified as needed

MPXYV, dividing the virus into 3 clades (I,
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outbreaks in 2022. As the viruses in this

subclade have been transmitted from human to human in dozens of
countries (possibly for several years), which represents a different
transmission route than has been observed in earlier cases, the
name hMPXV1 has been considered (Figure 2) (17).

To date, multiple lineages have been identified as arising
from the hMPXV-1A clade, all of which belong to lineage A
(the descendant lineages being A.1, A.2, A.3, and so on). As the
first detected descendant lineage of A.1.1, the lineage associated
with the international outbreak of 2022 would be delineated as
B.1 (17). However, it should be noted that the B.1 lineage was
also found (2018-2019) to cluster with cases associated with
an endemic country and segregate on a divergent phylogenetic
branch, possibly reflecting accelerated microevolutionary events
(19). In fact, microevolution of the B.1 lineage is known to have
formed several clusters, from B.1.1 to B.1.14, suggesting ongoing
viral evolution (Figure 2) (20).

The majority of hMPXV isolates are from Central and West
African countries, with the most important of them coming from
the Democratic Republic of Congo, Israel, the USA, Singapore,
and France. For the outbreak under discussion, the isolates
obtained were MPX/UZ_REGA_1/Belgium/2022, MPX/
UZ_REGA_2/Belgium/2022, MPXV_FRA_2022_ TLS67,
and MPXV_USA 2022 MAO001 (8). Two of these isolates were
reported from Belgium, 1 from France, and 1 from the USA, as
indicated in their nomenclature. Based on the database of Kumar
etal. (8), who recorded 71 isolates from 2005 through 2022, it has
been determined that the largest genome size was observed for
strain Sudan 2005_01 (206.37 kb), while the smallest was for strain
MPXV-M5320_M1S_Bayelsa (185.31 kb). Likewise, the highest
number of coding sequences (open reading frames [ORFs], n =
219) was observed for strain MPXV_FRA 2022 TLS67, which
was obtained from a male French patient in May 2022 (22) and had
agenome size of 197.12 kb (8). In sum, of the 71 isolates reported
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in the database of Kumar et al. (8), 52 were isolated from Homo
sapiens, and the rest from wild monkey, dormouse, Gambian rat,
rope squirrel, and prairie dog, suggesting the potential of MPXV
to infect a wide range of hosts.

Probable mechanisms of adaptation to the human host

Forty-six specific single nucleotide polymorphisms (SNPs)
were found to pertain to the h(MPXV B.1 lineage; these consisted
of 4 intergenic, 18 synonymous, and 24 non-synonymous
mutations, which mutations separated the clade from its closest
reference sequence. Both B21R and H3L, immunogenic surface
glycoproteins, are also thought to facilitate transmission (16); it is
believed that 10 proteins are more prone to mutation, which was
discovered by assigning mutations to the 187 ORFs of the MPXV
genome, of which OPG210 and OPG105 have multiple nucleotide
substitutions in MPXV-2022 strains and are mutated in multiple
lineages (23). Tracing and predicting various aspects of the MPXV
transmission dynamics could not be done based on random
mutational events alone, but these mutations are very likely to be
underlain by evolutionary mechanisms unique to orthopoxviruses.
Thus, there are at least 4 pathways by which hMPXV may have
acquired evolutionary adaptations so rapidly: sequence deletions,
transient variations in genome size, genetic recombination, and
specific mutations driven by the human enzyme apolipoprotein
B mRNA editing enzyme, catalytic subunit 3G (APOBEC3).

Prior to the multinational outbreak in 2022, the evolutionary
changes experienced by MPXV were mainly attributed to the
progressive loss of genes at the terminal ends of the genome.
Selective pressure from the host species might be responsible
for accelerating the speed with which these changes occurred. In
this regard, it has been described that variability is most evident
in genes that are functionally involved in various virus—host
interactions and are located near the terminal ends of the virus
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Figure 3. Genomic accordion mechanism based on the variola virus K3L gene and adapted
for the CrmB gene. The growth benefits of duplication and amplification cause exponential
increases in CrmB gene frequency, making the final S54F mutation exponentially more likely.
Figure modeled after a figure in reference 29 and modified as needed
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factor alpha (TNF-a) and TNF-B and
thus protects infected cells by preventing
TNF-mediated immune responses against
viruses. The speed of CrmB adaptation in
MPXV could be explained by there being
mechanisms similar to those occurring in
the K3L gene of the variola virus. Additional
copies of the CrmB gene may confer on
the virus a selective advantage against the
immune system. As the accordion gene
expands by adding copies of the CrmB
gene, the amount of CrmB protein increases,
whereas, if selection is relaxed, as occursin a
permissive host, the number of CrmB gene
copies falls, i.e., the accordion contracts
(Figure 3).

Duplications and subsequent
amplification steps may occur at very high

rates, as is the case with the K3L gene in the

genome, whereas the central region of the core genome encodes
much more conserved genes involved in replication. That being
the case, genome sequences that no longer render any kind of
selective advantage in terms of viral replication might be deleted,
providing a significant impetus for these viruses to evolve (24).

Furthermore, gene copy number variations with enhanced viral
fitness for human infection and transmission would be possible
through the generation of genomic accordions in poxviruses
(Figure 3) (25,26). This second theory is based on the fact that
rapidly diversifying host immune responses pose significant
barriers to successful intra- and inter-species virus transmission,
and many RNA viruses evade immunity with high mutation
rates, short generation times, and large effective population sizes
(27). However, DNA viruses, such as poxviruses, encode a wide
variety of genes that hijack or antagonize host cell components
that promote viral fitness (28). In this way, these mechanisms
in turn promote viral evolution through transient variations in
genome size.

To explain this phenomenon in detail, one study subjected the
vaccinia poxvirus to serial propagation in human cells to assess the
genomic changes it would undergo in response to protein kinase R
(PKR), one of the most potent innate defenses against viruses and
one that is poorly counteracted by the viral gene product K3L. In
that way, the viruses quickly developed increased adaptability via
repetitive enhancements of the K3L gene, resulting in expansions
of genome size by as much as 7% to 10%. These necessary
expansions were temporary and served to counteract human
PKR, facilitating an adaptive amino acid substitution in K3L that
also overcame PKR. While managing to preserve the adaptive
substitutions, the innate costs of a larger genome size were offset
by associated decreases in gene copy number (Figure 3) (25).

variola virus. The advantages of duplication
and amplification in terms of growth
provoke exponential rises in the prevalence of individuals within
the population who carry amplifications. These amplifications in
copy number exponentially increase the likelihood that subsequent
mutations will occur. In this sense, the presence of the SS4F
mutation in the CrmB protein, which is common to all the recently
documented monkeypoxisolates, indicates that the selected strains
may be adapting (8). It has also been documented that the SS4F
mutation can destabilize the structure of the CrmB protein (8),
which could relax selection in amplification and allow the selective
loss of the extra copies of the mutant gene due to the inherent cost
of amplification. Thus, the genomic accordion mechanism could
explain the presence of the SS4F mutation, which is very common
in the MPXV isolates from the 2022 outbreak (8).

While mutations in MPXV that may be contributing to its
adaptation have been demonstrated, the main genetic mechanism
of variability in poxviruses is genetic recombination, which can
generate new phenotypes with greatly altered disease potential
that are better adapted to viral survival. Viral DNA from poxviruses
such as vaccinia has been shown to be exchanged about 18 times
per genome in a single round of infection to produce recombinant
phenotypes (30). Thus, given the evidence that MPXV has
evolved rapidly over the last 4 years, it is necessary to consider
that adaptation may be driven by recombination, which allows for
more rapid gene copy number variation. For that reason, tandem
repeats (TRs) and linkage disequilibrium (LD) have recently been
studied in 415 MPXV viral sequences from 1 January to 20 July
2022 worldwide. The 2022 MPXV was divided into 4 lineages and
11 subgroups according to various TRs and their copy numbers.
In addition, an analysis of LD demonstrated that virus evolution
resulted in 3 new lineages, with 8 new recombinants (6 from
Slovenia, 1 from Australia, and 1 from Italy) having been identified
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using TR analysis, and 3 recombinants (2 from Germany and 1
from Spain) having been identified using LD analysis. The previous
findings suggest that the simian pox virus diverged genetically
during the 2022 pandemic (31).

A final mechanism that may explain the number of adaptive
mutations that led to the multinational outbreak of MPXV in
2022 is APOBECS3, an intracellular innate defense mechanism.
Links of this mechanism to the development of mutations in the
virus emerged Upon analyzing the genome of simian pox cases
from 2022, significant correlations between this mechanism and
the development of viral mutations emerged. Approximately 50
genetic variances were identified compared to detected genomes
(2018-2019). Notably, 3 amino acid alterations (D209N, P722S,
and M1741I) were detected within the surface glycoprotein B21,
which isakey immune target known for its role in virus evasion and
immune transmission (19,32). Furthermore, 46 SNPs displayed
a mutational bias, with 26 and 15 substitutions favoring GA >
AA and TC > TT, respectively. This biased mutational pattern,
in conjunction with the abundance of A:T bases in MPXV DNA,
suggests the involvement of non-random enzymatic processes,
potentially implicating factors such as APOBEC3 as drivers
behind this extensive mutagenesisis behind this large number of
mutations.

One of the DNA cytidine deaminase enzymes involved in
mammalian antiviral defense is APOBEC3, which targets single-
stranded DNA and cleaves cytosine to create uracil bases that
are then paired with an adenine base. Sometimes APOBEC3
will not affect a virus enough to inactivate it, and said virus
will continue to replicate and transmit but with alterations to
its genome sequence resulting from the enzymatic attack. The
involvement of APOBEC3 as an antiviral defense mechanism and
mutation generator is documented in HIV infection, in which the
expression of APOBEC3 increases markedly after infection (33).
In a North American study, 2 MPXV lineages were identified
between 2 cases from 2021 and 7 from 2022: the major variant
from the 2022 outbreak, called B.1, and a minor variant sampled
contemporaneously, called A.2. Mutation analyses of these 2
variants revealed an extreme preference for GA-to-AA mutations,
indicative of human APOBEC3 cytosine deaminase activity (34).

Thus, it is very likely that this enzyme is responsible for
adaptation to the human host and even facilitates cryptic
transmission in HIV co-infected populations, as revealed in
the study by Thornhill et al. (19), who observed that specific
APOBEC3-driven mutations in HIV patients can further reduce
the pathogenicity and symptoms caused by MPXV infection,
thereby motivating adaptive evolution.

The role of APOBECS3 in the adaptive evolution of hMPXV is
becoming increasingly well understood. We recently explored the
abundance of G-to-A mutations in the APOBEC3 motif along the
evolutionary trajectory from the common ancestor of the A lineage
to the A.2 and B.1 variants and found a sequential acquisition
of mutations in different individuals (sampled historically since
2017) that have contributed to the high proportions of APOBEC3
from GA to AA. Likewise, an analysis of 397 genomes from
outbreaks sampled from 1 May to 15 July 2022 (available through
the Global Initiative on Sharing All Influenza Data) confirmed
the pattern observed in the first 12 sequences: 275/308 (89%) of
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the unique G-to-A mutations observed occurred in the context
of APOBECS3. In contrast, G-to-A changes from the APOBEC3
context were lower than expected relative to other G-to-A changes
in MPXV clade I and clade ITa. To better resolve where in the
phylogeny the change in mutational patterns arose, we assessed
mutational frequencies along internal branches in clade ITb leading
to lineage A, and these were not found to be statistically enriched
for G-to-A changes from the context of APOBEC3 (34).

Changes in epidemiology

One factor that has influenced the resurgence of MPXV is
undoubtedly the genetic evolution of the virus. This has been
the product of progressive change over the years, though, as
already mentioned, the deletion of gene sequences may have
played a part in this process. In support of this theory, an analysis
of the genomic variability of MPXV obtained from 60 samples
gathered from humans in the Democratic Republic of Congo
(2005-2007) revealed the existence of 4 distinct lineages and a
gene deletion (in 16.7% of samples) that appeared to correlate
with human-to-human transmission (P =.0544) (35). Likewise,
anew study indicates that in the years 1970 through 1989, MPXV
was a disease that mainly affected young children with a median
age at presentation of 4 to S years, which increased to 10 years of
age from 2000 to 2009 and 21 years from 2010 to 2019. However,
the epidemiological change would also have had an impact on the
mortality of the virus, as 100% of the deaths during the first years
of its discovery were in children under 10 years of age, while for
the years of 2000 through 2019, children under 10 years of age
accounted for only 37.5% of deaths (36).

Another important aspect in the changing epidemiology of the
virus is the demonstrated risk factors for infection. In this regard,
living in rural and forested areas of central and west Africa, handling
and preparing bushmeat, caring for someone infected with MPXV
virus, and not being vaccinated against smallpox all represented
risk factors for acquiring endemic MPXV (37), whereas in all the
studies prior to the 2022 outbreak, being male had already been
linked to the risk of infection. This fact was attributed to the cultural
norm that directs that men frequently hunt and have contact with
wild animals (38). However, in the 2022 multinational outbreak, it
was confirmed that the affected population was mostly MSM and
that the disease’s presentation involved genital lesions (39). This
revealed a change in the presentation of these new cases.

Discussion

The resurgence of MPXV in recent decades reveals an
unfavorable outlook for diseases of zoonotic origin. Reports of
outbreaks in African countries and its re-emergence in Nigeria after
almost 40 years (40), as well as sporadic outbreaks in Singapore
(41), Israel (42), Maryland, USA, and the UK (43), until just
before 2020, may be the result of waning immunity to the variola
virus and deforestation. However, in May 2022, there was evidence
of a notable increase in cases with epidemiological patterns
different from those previously reported for the disease, with more
than 80,000 cumulative cases as of November 2022 (44).

The development of MPXV in this new outbreak could be
related to the immune status of the patients, as the presentation
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of the cases is consistent with the cessation of routine antiviral
vaccination in the 1980s after the disease’s eradication (45). Thus,
in the 2000s, only adults aged 20 to 25 years and older had a history
of smallpox vaccination, leaving the under-20 age group vulnerable.
Meanwhile, the median age of MPXV cases increased from 10to 21
years in the next decade (36). In this sense, it is clear that the virus
that appeared in 2022 presents different epidemiological patterns:
In Spain in 2022, 99% of the cases of MPXV were found to have
involved the MSM population, with the lesions predominantly
affecting the genital, perineal, and/or perianal areas and with
inguinal lymphadenopathy as a predominant feature, suggesting
that the sexual route was the main mode of transmission (46). In
addition, Germany reported 1,304 confirmed cases as of 6 July
2022, again, mostly in the MSM population (38).

Research into the genomics of hMPXV indicates an ongoing
evolutionary process that is influenced by selective pressures
exerted by host species. One hypothesis suggests that the gradual
loss of genes, particularly at the genome’s terminal ends, plays a
significant role in driving the evolution of these viruses (24), as well
as recombination, genome size variation, and the involvement of
the APOBEC3 enzyme. Of these, the last of the proposed factors
represents the most viable alternative, although the evolution of
hMPXV could be the result of the combination of all of them, thus
explaining hMPXV’s high capacity and great success in infecting
a wide variety of hosts.

Vaccination against smallpox provides cross-protection against
other orthopoxvirus (OPV) species, including monkeypox virus
(MPXV). According to available data, about 90% of identified
MPXV cases were in individuals who had not been infected with
or vaccinated against smallpox, and individuals who had been
previously vaccinated against smallpox showed 85% protection
against MPXV (47). While several compounds have shown
promise as antiviral therapies, vaccines remain the most effective
means of controlling this virus and many other infectious diseases.

Indeed, the importance of vaccination is supported by the
findings of Nguyen et al. (48), who estimated that in 2016, the
year before the outbreak began in Nigeria, only 10.1% of the
population was vaccinated, and population immunity, which
takes into account declining immunity at the individual level,
was a disturbing 2.6%, down from 65.6% in 1970. By 2018,
the vaccinated population had declined to 9.3%, and estimated
population immunity had declined to 2.2%. In our review of the
literature, we found that unvaccinated individuals accounted for
approximately 80% to 96% of the cases of MPXV (36).

Potentially catastrophic is the widespread consequences
of the re-appearance of MPXV strains exhibiting significant
human adaptability. Because there is a risk of establishing new
reservoirs beyond Africa, the importation of MPXV by infected
vertebrates is worrisome. Notably, American ground squirrels have
shown susceptibility to infection, adding to the concern, as said
susceptibility indicates the likelihood that other rodent species
around the world may be similarly vulnerable (49). For this reason,
genomic surveillance is essential, not only for the epidemiological
recording and monitoring of the genetic divergence of the virus in
humans but also to do the same in animals, which could become
natural reservoirs of the disease in many parts of the world, thus
complicating the containment of the virus.

Aguilar & Suclupe

Conclusions

After the global cessation of antipoxviral immunization following
the eradication of MPXYV, it is possible that said virus re-emerged
to occupy the ecological niche left by the (similar) elimination
of the smallpox virus. Factors such as urbanization, hunting,
increased wildlife trade and heavy rainfall (especially when leading
to flooding) may also contribute to humans approaching infected
animals. The specific enrichment of APOBEC3 motif mutations
in MPXV clade IIb since 2017 may explain the epidemiological
shift that has occurred in recent years. Such a pattern could be
caused by sustained transmission in a new host or a new route of
infection. The MSM population was the main population affected
by the 2022 outbreak, suggesting that sexual transmission routes
and immune status are of interest in this new hMPXV clade.

Resumen

Objetivo: Laviruela del simio es una enfermedad zoondtica viral
endémica de Africa Central y Occidental, que se ha notificado en
mas paises durante la tltima década en comparacién conlos 40 afios
anteriores. En 2022 se produjo un brote multinacional. Este cambio
en la epidemiologia del virus puede representar una adaptacion
evolutiva. Analizar los aspectos moleculares de la enfermedad por
MPXYV, por sus siglas en inglés, que puedan explicar su cambio
de epidemiologia durante el brote de 2022. Métodos: Se realiz6
una revision narrativa desde el inicio del brote multinacional de
MPXV en julio de 2022 hasta diciembre de 2022 de un total de
271 articulos publicados enlas bases de datos MEDLINE/PubMed
y LILACS, que se organizaron mediante el gestor de bisquedas y
referencias Mendeley Desktop 1.19.4, se eliminaron los duplicados
y que no se ajustaban al objetivo del estudio, seleccionando 49
articulos para la presente revision. Discusién: El resurgimiento
del MPXYV plantea desafios debido al declive de la inmunidad y
los patrones epidemioldgicos cambiantes. Los brotes recientes
muestran diferentes vias de transmisién que afectan a nuevas
demografias. La evolucion gendmica, el historial de vacunaciony
los posibles nuevos reservorios animales complican los esfuerzos
de contencién. La vigilancia continua yla vacunacién son cruciales
para el control. Conclusiones: Es posible que MPXV puede haber
surgido para ocupar el nicho ecoldgico dejado por el virus de la
viruela. Las mutaciones del motivo de la subunidad catalitica 3G
delaapolipoproteina B enlos virus del clado IIb de MPXV pueden
explicar el cambio epidemiolégico ocurrido en los ultimos anos.
Este patrén podria deberse a una transmision sostenida en un
nuevo huésped o a una nueva via de infeccién.

References

1. McCollum AM, Damon IK. Human monkeypox [published correction
appears in Clin Infect Dis. 2014 Jun;58(12):1792]. Clin Infect Dis.
2014;58(2):260-267. doi:10.1093/cid/cit703

2. Sklenovska N, Van Ranst M. Emergence of Monkeypox as the Most
Important Orthopoxvirus Infection in Humans. Front Public Health.
2018;6:241. Published 2018 Sep 4. doi:10.3389/fpubh.2018.00241

3. Kupferschmidt K. Why monkeypox is mostly hitting men who have
sex with men. Science. 2022;376(6600):1364-1365. doi:10.1126/
science.add5966

PRHSJ Vol. 43 | No. 3 | September, 2024



Molecular aspects in Monkeypox Virus

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Statista. NUmero de casos confirmados de la viruela del mono
(monkeypox) en el mundo a 17 de noviembre de 2022, por pais.
Published 2022. https://bit.ly/3FEodFX

Nigeria Centre for Disease Control. National Monkeypox Public
Health Response Guidelines. Nigeria Centre for Disease Control.
Published 2019. Accessed February 8, 2022. https://ncdc.gov.ng/
themes/common/docs/protocols/96_1577798337.pdf

Nigeria Centre for Disease Control. An Update of Monkeypox Out-
break in Nigeria. Nigeria Centre for Disease Control. Federal Minis-
try of Health. Published 2021. Accedido julio 26, 2022. https://bit.
ly/3tPniIby

Durski KN, McCollum AM, Nakazawa Y, et al. Emergence of Monkey-
pox - West and Central Africa, 1970-2017 [published correction ap-
pears in MMWR Morb Mortal Wkly Rep. 2018 Apr 27;67(16):479].
MMWR Morb Mortal Wkly Rep. 2018;67(10):306-310. Published
2018 Mar 16. doi:10.15585/mmwr.mm6710a5

Kumar R, Nagar S, Haider S, et al. Monkeypox virus: phylogenom-
ics, host-pathogen interactome and mutational cascade. Microb
Genom. 2023;9(4):mgen000987. doi:10.1099/mgen.0.000987
Alakunle E, Moens U, Nchinda G, Okeke MI. Monkeypox Virus in
Nigeria: Infection Biology, Epidemiology, and Evolution. Viruses.
2020;12(11):1257. Published 2020 Nov 5. d0i:10.3390/v12111257
ViralZone. Orthopoxvirus. ViralZone. Published 2020. Accessed
February 3, 2022. https://viralzone.expasy.org/149?outline=all_
by_species

Haller SL, Peng C, McFadden G, Rothenburg S. Poxviruses and
the evolution of host range and virulence. Infect Genet Evol.
2014;21:15-40. doi:10.1016/j.meegid.2013.10.014

Likos AM, Sammons SA, Olson VA, et al. Atale of two clades: monkey-
pox viruses. J Gen Virol. 2005;86(Pt 10):2661-2672. doi:10.1099/
vir.0.81215-0

World Health Organization. Monkeypox: experts give virus variants
new names. World Health Organization. Published August 15, 2022.
https://www.who.int/news/item/12-08-2022-monkeypox-experts-
give-virus-variants-new-names

Parker S, Nuara A, Buller RM, Schultz DA. Human monkeypox: an
emerging zoonotic disease. Future Microbiol. 2007;2(1):17-34.
doi:10.2217/17460913.2.1.17

Babkin 1V, Babkina IN, Tikunova NV. An Update of Orthopoxvirus
Molecular Evolution. Viruses. 2022;14(2):388. Published 2022 Feb
14. doi:10.3390/v14020388

Berthet N, Descorps-Declére S, Besombes C, et al. Genomic history
of human monkey pox infections in the Central African Republic
between 2001 and 2018. Sci Rep. 2021;11(1):13085. Published
2021 Jun 22. do0i:10.1038/s41598-021-92315-8

Happi C, Adetifa |, Mbala P, et al. Urgent need for a non-discriminato-
ry and non-stigmatizing nomenclature for monkeypox virus. Virologi-
cal.org. June 2022. Updated August 2022. Accessed July 10, 2022.
https://virological.org/t/urgent-need-for-a-non-discriminatory-and-
non-stigmatizing-nomenclature-for-monkeypox-virus/853
Nextstrain. Genomic epidemiology of mpox clade llb viruses.
Nextstrain. Published 2022. https://nextstrain.org/monkeypox/
hmpxvi1?l=scatter

Isidro J, Borges V, Pinto M, et al. Phylogenomic characterization
and signs of microevolution in the 2022 multi-country outbreak of
monkeypox virus. Nat Med. 2022;28(8):1569-1572. doi:10.1038/
541591-022-01907-y

Chakraborty C, Bhattacharya M, Sharma AR, Dhama K. Evolution, ep-
idemiology, geographical distribution, and mutational landscape of
newly emerging monkeypox virus. Geroscience. 2022;44(6):2895-
2911. doi:10.1007/s11357-022-00659-4

Li H, Zhang H, Ding K, et al. The evolving epidemiology of monkeypox
virus. Cytokine Growth Factor Rev. 2022;68:1-12. doi:10.1016/j.cy-
togfr.2022.10.002

Croville G, Walch M, Guérin J, Mansuy J, Pasquier C, Izopet J. First
French draft genome sequence of Monkeypox virus, May 2022.
Virological.org. Published May 2022. https://virological.org/t/first-
french-draft-genome-sequence-of-monkeypox-virus-may-2022/819
Wang L, Shang J, Weng S, et al. Genomic annotation and molec-
ular evolution of monkeypox virus outbreak in 2022. J Med Virol.
2023;95(1):e28036. doi:10.1002/jmv.28036

PRHSJ Vol. 43 | No. 3 | September, 2024

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Aguilar & Suclupe

Hendrickson RC, Wang C, Hatcher EL, Lefkowitz EJ. Orthopoxvirus
genome evolution: the role of gene loss. Viruses. 2010;2(9):1933-
1967. doi:10.3390/v2091933

Elde NC, Child SJ, Eickbush MT, et al. Poxviruses deploy genomic
accordions to adapt rapidly against host antiviral defenses. Cell.
2012;150(4):831-841. doi:10.1016/j.cell.2012.05.049

Monzon S, Varona S, Negredo A, et al. Changes in a new type
of genomic accordion may open the pallets to increased mon-
keypox transmissibility. bioRxiv. Published online January 1,
2022:2022.09.30.510261. doi:10.1101/2022.09.30.510261
Andrade Causil SA, Maestre Atencio lJ, Mejia Acufia I. Mecanismos
de evasion inmune del virus de la inmunodeficiencia humana 2021.
http://hdl.handle.net/10584/9788

Bahar MW, Graham SC, Chen RA, et al. How vaccinia virus has
evolved to subvert the host immune response. J Struct Biol.
2011;175(2):127-134. doi:10.1016/j.jsb.2011.03.010

Roth JR, Andersson DI. Poxvirus use a “gene accordion” to tune
out host defenses. Cell. 2012;150(4):671-672. doi:10.1016/j.
cell.2012.07.026

Qin L, Evans DH. Genome scale patterns of recombination between
coinfecting vaccinia viruses. J Virol. 2014;88(10):5277-5286.
doi:10.1128/JVI.00022-14

Yeh TY, Hsieh ZY, Feehley MC, et al. Recombination shapes the
2022 monkeypox (mpox) outbreak. Med. 2022;3(12):824-826.
d0i:10.1016/j.medj.2022.11.003

Anderson C, Arevalo C, Balasegaram S, Bridgen J, Byers C, Chand M,
et al. UK Health Security Agency. Investigation into monkeypox out-
break in England: technical briefing 1. UK Health Security Agency.
Published 2022. https://bit.ly/3hEhq7d

Malim MH. APOBEC proteins and intrinsic resistance to HIV-1 infec-
tion. Philos Trans R Soc Lond B Biol Sci. 2009;364(1517):675-687.
doi:10.1098/rstb.2008.0185

Gigante CM, Korber B, Seabolt MH, et al. Multiple lineages of mon-
keypox virus detected in the United States, 2021-2022. Science.
2022;378(6619):560-565. doi:10.1126/science.add4153

. Kugelman JR, Johnston SC, Mulembakani PM, et al. Genomic vari-

ability of monkeypox virus among humans, Democratic Republic of
the Congo. Emerg Infect Dis. 2014;20(2):232-239. do0i:10.3201/
€id2002.130118

Bunge EM, Hoet B, Chen L, et al. The changing epidemiology of
human monkeypox-A potential threat? A systematic review. PLoS
Negl Trop Dis. 2022;16(2):e0010141. Published 2022 Feb 11.
doi:10.1371/journal.pntd.0010141

Rimoin AW, Mulembakani PM, Johnston SC, et al. Major increase
in human monkeypox incidence 30 years after smallpox vaccina-
tion campaigns cease in the Democratic Republic of Congo. Proc
Natl Acad Sci U S A. 2010;107(37):16262-16267. d0i:10.1073/
pnas.1005769107

Moore MJ, Rathish B, Zahra F. Mpox (Monkeypox). In: StatPearls
[Internet]. StatPearls Publishing; 2022. https://www.ncbi.nlm.nih.
gov/books/NBK574519/

Velavan TP, Meyer CG. Monkeypox 2022 outbreak: An update. Trop
Med Int Health. 2022;27(7):604-605. doi:10.1111/tmi.13785
Yinka-Ogunleye A, Aruna O, Ogoina D, et al. Reemergence of Human
Monkeypox in Nigeria, 2017. Emerg Infect Dis. 2018;24(6):1149-
1151. doi:10.3201/eid2406.180017

Yong SEF, Ng OT, Ho ZJM, et al. Imported Monkeypox, Singa-
pore. Emerg Infect Dis. 2020;26(8):1826-1830. doi:10.3201/
€id2608.191387

Erez N, Achdout H, Milrot E, et al. Diagnosis of Imported Monkeypox,
Israel, 2018. Emerg Infect Dis. 2019;25(5):980-983. doi:10.3201/
€id2505.190076

Vaughan A, Aarons E, Astbury J, et al. Two cases of monkey-
pox imported to the United Kingdom, September 2018. Euro
Surveill. 2018;23(38):1800509. d0i:10.2807/1560-7917.
ES.2018.23.38.1800509

Mathieu E, Spooner F, Dattani S, Ritchie H, Roser M. Mpox (monkey-
pox). Our World in Data. Published 2022. https://ourworldindata.
org/monkeypox

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




Molecular aspects in Monkeypox Virus

46. Ihigo Martinez J, Gil Montalban E, Jiménez Bueno S, et al. Monkeypox

47.

outbreak predominantly affecting men who have sex with men, Madrid,
Spain, 26 April to 16 June 2022. Euro Surveill. 2022;27(27):2200471.
doi:10.2807/1560-7917.ES.2022.27.27.2200471

Nasir I, Dangana A, Ojeamiren I, Emeribe A. Reminiscing the recent
incidence of monkeypox in Nigeria: Its ecologic-epidemiology and lit-
erature review. Port Harcourt Med J. 2018;12(1):1-9. doi:10.4103/
phmj.phmj_47_17

48.

49.

Aguilar & Suclupe

Nguyen PY, Ajisegiri WS, Costantino V, Chughtai AA, Macintyre CR.
Reemergence of Human Monkeypox and Declining Population Im-
munity in the Context of Urbanization, Nigeria, 2017-2020. Emerg
Infect Dis. 2021;27(4):1007-1014. doi:10.3201/eid2704.203569
Tesh RB, Watts DM, Sbrana E, Siirin M, Popov VL, Xiao SY. Experi-
mental infection of ground squirrels (Spermophilus tridecemlin-
eatus) with monkeypox virus. Emerg Infect Dis. 2004;10(9):1563-
1567. doi:10.3201/eid1009.040310

PRHSJ Vol. 43 | No. 3 | September, 2024



