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Abstract: Human monkeypox is a rare viral zoonosis that was first identified in 1970; since then,
this infectious disease has been marked as endemic in central and western Africa. The disease
has always been considered rare and self-limiting; however, recent worldwide reports of several
cases suggest otherwise. Especially with monkeypox being recognized as the most important
orthopoxvirus infection in humans in the smallpox post-eradication era, its spread across the
globe marks a new epidemic. Currently, there is no proven treatment for human monkeypox, and
questions about the necessity of developing a vaccine persist. Notably, if we are to take lessons
from the COVID-19 pandemic, developing a nanomedicine-based preventative strategy might be
prudent, particularly with the rapid growth of the use of nanotechnology and nanomaterials in
medical research. Unfortunately, the collected data in this area is limited, dispersed, and often
incomplete. Therefore, this review aims to trace all reported nanomedicine approaches made in the
monkeypox area and to suggest possible directions that could be further investigated to develop a
counteractive strategy against emerging and existing viruses that could diminish this epidemic
and prevent it from becoming a potential pandemic, especially with the world still recovering
from the COVID-19 pandemic.
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1. Introduction

Monkeypox is an infectious disease caused by the monkeypox virus (MPXV), a double-
stranded DNA virus belonging to the Orthopoxvirus genus (subfamily Chordopoxvirinae,
family Poxviridae) [1,2]. In addition to the monkeypox virus, 11 different species of
orthopoxvirus have been identified, including the camelpox virus, cowpox virus, horsepox
virus, and variola virus. The vairola virus, which can cause smallpox disease, is the best-
known species of this genus. It caused several epidemics throughout history before being
completely eradicated in 1980 [3]. The disease was successfully eradicated by using a
closely related virus, the vaccinia virus, as a smallpox vaccine [2]. Following the eradication
of smallpox, monkeypox has become the most significant orthopoxvirus concern for health
authorities due to occasional outbreaks in endemic countries. The clinical features of
monkeypox disease are similar to those observed in smallpox-affected patients. However,
the symptoms are much less severe, and in most cases, the outcome is complete recovery.
Smallpox vaccines have been shown to confer immunity against the MPXV. However, the
discontinuation of the national vaccine campaign made the younger population susceptible
to the virus [1].

The MPXV was first isolated from Cynomolgus macaques while conducting research on
polio vaccines in 1958 [4]. In 1970, a smallpox-like disease was reported in a 9-month-old
boy in the Democratic Republic of the Congo, where it became endemic [5]. Since 1970,
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MPX outbreaks have been reported in 11 African countries, including Cameroon, Nigeria,
the Central African Republic, and Gabon. The number of cases increased dramatically in
endemic African countries during 2010-2019, reaching 18,000 suspected and confirmed
cases. In 2003, the virus was reported for the first time in the USA, resulting in 70 cases.
After that, monkeypox outbreaks outside of Africa were frequently identified in travelers
from Nigeria to the United Kingdom (2018-2022), Singapore (2019), and the USA (2021) [1].
In May 2022, multiple cases of monkeypox were reported in several non-endemic countries,
such as the USA, UK, France, Brazil, and others. As of 20 January 2023, the World Health
Organization reported 84,916 cases and 81 deaths across 110 countries, showing a lower
mortality rate than the previous outbreaks (Figure 1).

2001-2018:
gradual
increment of
o R EES(
] b P — b i ; : —
{isolation from | | 1980-2000: i T 2019:>3.500 | :2020:>4500 | :2021:>9.000 >
i male child, i <1.000 cases i 1980-2016: Congo. i 2017-2019: cases i cases ) ; cases ) )
: Democratic : in Democratic : sporadic cases From 2005 i Outbreak with Democratic : Democratic i Democratic g
i Republic of the i i Republicofthe { : i African >1.000 i 5300 cases in Republic of the { | Republic ofthe i | Republic of the
i Congo i countries cases/year i Nigeria Congo i Congo i Congo §
L 2 L 4 * L 4 * < * L 2 "c';l‘
=
| | | | | | I I S
| | | I | | | | 3
I I I S
| | I 2
* . =
: : Fuenssmnnnn, | &
H - . 1st H s . -
i 1958: £2003: 1 £2018-2021: " 2022-2023: - S
i isolation from i outbreak i sporadic cases L . "lm
: X i i = Worldwide "
i captive ioutside Africain: iin UK, Israel and = N =
i cynomolgus iUSA i Singapore and » epidemic 84,916
i macaques i81 cases {USA = confirmed cases *
: (Denmark) - - S ssmssmmEEw

Figure 1. Timeline displaying the history of monkeypox outbreaks (1970-2023) [1,4,6-12].

The genetic classification of the MPXV categorizes the virus into two clades: the
central African clade and the west African clade. The former is endemic in Congo Basin
countries, while the latter is endemic in West African countries. In addition to the distinct
geographical distribution, the two clades differ in disease severity and transmissibility. The
Congo Basin clade has been associated with more severe symptoms, higher transmissibility,
and an increased case fatality rate of 1-10%.

Phylogenetic analysis of the currently circulating MPXV suggests that the outbreak
virus belongs to the less severe West African clade [13]. Moreover, the analysis has revealed
a close genetic similarity with the MPXV isolated during the 2018-2019 outbreaks in
the UK and Singapore [14]. Similar to other DNA viruses, poxviruses have a relatively
low mutation rate (10~° to 10~® mutations per replication site). Surprisingly, though,
viruses isolated during the current outbreak exhibited more modifications than expected.
On average, 50 single-nucleotide mutations were identified compared to the 20182019
virus [15,16]. Yet, the impact of these mutations on virulence and transmissibility needs to
be investigated [9,17].

2. Viral Replication Cycle

The MPXV is an enveloped, oval-shaped virus measuring 200-250 nm in size. The
enveloped virus encloses a linear, double-stranded DNA genome and enzymes required
for virus replication [18]. The MPXV genome is around 200 Kb, which encodes 190 genes.
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The genes for replication, transcription, and assembly are localized in the highly conserved
core region. In contrast, the genes involved in host range and pathogenicity are mapped at
the genome’s left and right variable arms, where the inverted terminal repeats are present,
forming hairpin loops [19]. Most of the virologic data about poxviruses are derived from
the prototype vaccinia virus (VACV). A poxvirus replication cycle generates two types of
particles: the mature virion (MV), which consists of one lipid bilayer, and the extracellular
virion (EV), which contains a second external membrane. MVs are the most abundant
particles released by cell lysis, mediating the transmission between hosts. On the other
hand, EVs are generated by Golgi apparatuses or endosomes. They remain associated with
the host cellular membrane until they are expelled, leading to local transmission within the
host [20]. Viral proteins that recognize host cell receptors have not yet been identified, but
based on studies of the VACYV, different host cell proteins have been discovered. MVs attach
to the extracellular glycoprotein laminin through the viral protein A26 [21]. Other viral
surface proteins have also been identified, including D8, which binds glycosaminoglycans,
and A27 and H3, which bind to heparan [22]. For EVs, no target factor has been identified.

The main internalization route occurs through macropinocytosis for both MVs and
EVs, although direct fusion with the plasma membrane is also documented for EVs [22].
Macropinocytosis requires multiple cell factors and needs epidermal growth factor receptor
signaling. However, MVs depend on phosphatidylserine (PS), while EVs do not rely
on PS exposure [23]. After membrane penetration, endogenous RNA polymerase and
transcription factors start early viral gene expression. Then the high-packed core releases
its content into the cytoplasm, where the viral DNA functions as a template for genome
replication and subsequent intermediate and late viral gene expression [24,25]. Translation
of viral proteins and genome replication form the intracellular mature virus, which migrates
to the Golgi to form the intracellular enveloped virus. Cell-associated enveloped viruses are
formed when virions fuse with cellular membranes. By rearrangement of the cellular actin
tail, they are released into the extracellular environment or delivered as free extracellular
vesicles (Figure 2) [26].
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Figure 2. Orthopoxvirus replication cycle.

3. Tropism, Transmission, Symptoms, and Disease Course

A study on an immune-deficient mouse model demonstrated diverse tissue tropisms
for the MPXYV, including in the brain, heart, kidney, ovary, liver, pancreas, and lung [27].
However, a histopathologic study on monkeys determined that the MPXV’s primary
target is the lymphoid tissue [28]. Several cell lines (e.g., Vero, HelLa, and A549) and
laboratory animals (e.g., mice, rabbits, rats, and non-human primates) are susceptible
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to MPX infection [28]. So far, no wildlife reservoir has been identified for the MPXV.
However, the MPXV has been isolated from the Funisciurus anerythrus squirrel [29], the
Cercocebusatys monkey [30], rodents, Gambian rats, and other primates [31].

The MPXV is primarily considered to be a zoonotic viral infection. Transmission has
occurred almost exclusively from animals to humans through bites, eating undercooked
meat, or direct contact with biological fluids from infected animals [32]. Before 2000, most
cases were of zoonotic origin and were commonly reported in young children (with an
average age of 4.4 years) [33]. In the current outbreak, human-to-human transmission
has become the main route of transmission, with sexual transmission being the primary
mode of diffusion [13], in addition to long-term close contact (respiratory droplets), direct
contact with body fluids or contaminated objects, as well as vertical transmission from
infected mothers [34]. Approximately 98.2% of cases occur among men who have sexual
contact with men, homosexuals, and bisexuals. Based on recent epidemiological data
collected during the current outbreak, 60% of sexually transmitted cases occurred at parties.
Moreover, most confirmed cases are also immunodeficiency virus (HIV)-positive [13].

The MPX infection has an incubation period of 1-2 weeks, followed by the prodromal
phase lasting 0-2 days, and the rash stage persisting for 1-3 weeks. The disease begins with
general symptoms, such as fever, fatigue, headache, muscular ache, and lymphadenopathy
(Figure 3). Then, after 1-5 days, the rash appears, and the patients become contagious.
The progression of skin lesions occurs in this order: plaques, papules, blisters, pustules,
scabs, and shedding. Rashes are localized in the conjunctiva (20%), oral mucosa (70%),
palms and soles (75%), face (95%), and genitals (30%) [4]. It is commonly a self-limited
disease with complete recovery after a few weeks. However, complications may also occur,
especially among children and young adults who did not receive the smallpox vaccine.
Complications include conjunctivitis, keratitis, skin infections, dehydration, encephalitis,
and pneumonia [9]. Moreover, the severity and fatality rate differ between the two clades,
occurring in only 1% of the West African clade [35] and up to 10% for the Congo Basin
clade [36] (Figure 3).
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Figure 3. [llustration of the monkeypox transmission to humans and the effect on the different organs,
symptoms, and pathways involved.

4. Diagnostic Tools, Treatment, and Preventative Strategies

Several methods have been developed for detecting the MPXV nucleic acid, among
which real-time PCR (RT-PCR) is the preferred routine method (Figure 3). Typically,
the following genes are selected as RT-PCR targets: (i) B6R (the envelope protein gene);
(ii) E9L (the DNA polymerase gene) [37,38]; (iii) RPO18 (the DNA-dependent RNA
polymerase subunit 18 gene) [39]; (iv) the complement binding protein C3L [40]; and
(v) F3L and N3R genes [41]. Notably, the specificity and sensitivity of available RT-PCR
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kits are yet to be improved. Therefore, whole genome sequencing of the virus genome is
considered the gold standard method for distinguishing the MPXV clades and the MPXV
from other orthopoxviruses [42,43]. Despite being accurate, sequencing technologies
are costly ($15-20 per sample), making them inaccessible in many countries. Therefore,
cheaper and more available techniques were used, such as (i) the restriction-length fragment
polymorphism, (ii) loop-mediated isothermal amplification technology [44], and (iii) the
recombinase polymerase amplification [45].

An enzyme-linked immunosorbent assay (ELISA) is another detection method that
could be used to detect MPX infection. This technique is cheaper than RT-PCR and genome
sequencing, costing around $6-8 per sample. An ELISA can detect the presence of specific
IgM and IgG antibodies in the serum of the MPX patients at days 5-8 after the infection.
Collected data showed a 4-fold increase in patients” serum antibodies during the acute and
convalescent stages of the MPX infection. However, due to the cross-reaction between the
MPX viral antigens and the other poxviruses, the specificity of this technique is insufficient,
making it inaccurate in identifying the MPXV [18]. To assist the MPX diagnosis, electron
microscopy can be used for the morphological characterization of the virus. However, this
method can only provide clues that the virus belongs to the poxvirus family because it
cannot distinguish between the morphologies of the MPXV and other poxviruses. Fur-
thermore, the sample preparation procedure is highly complex and complicated, making
it impractical for routine use, as well as time-consuming and costly, and the electron mi-
croscope has a low sensitivity. Other diagnostic tests include immunochemistry analysis
and multiplexed immunofluorescence imaging that could be used to detect the MPX viral
antigen [46], as well as viral isolation and culture from the patient’s specimen for viral
characterization and establishing definitive diagnostic tools [4].

The MPXYV is a re-emerging threat to humanity that has gained increasing global
attention in recent years. As of January 2023, 84,916 confirmed human cases had been
reported globally [47]. Even though no licensed antiviral drugs are currently available to
treat a human MPX viral infection, clinical management of the MPXV should be adjusted
accordingly. This could help reduce symptoms, manage complications, and minimize
long-term consequences. In Europe, the European Medical Association (EMA) has recently
licensed the use of Tecovirimat, a small molecule virus inhibitor, for MPX treatment.
Experimental data collected from Tecovirimat treatment in human and animal studies
showed safe and tolerable outcomes with only minor side effects [47]. Tecovirimat is
administered orally or intravenously and is used for adults and children weighing at least
3 kg [48]. Other drugs have also been found to confer anti-poxvirus activity in both in vitro
and in vivo experiments. These treatments include Cidofovir (a viral DNA polymerase
inhibitor), Brincidofovir (a prodrug of Cidofovir), and vaccinia immunoglobulin [47,48].
Cidofovir is given either intravenously or topically, and Brincidofovir is given orally [48].
However, no evidence has been found yet to support the efficacy of Brincidofovir and
Cidofovir in treating MPX [47].

Similarly, the effectiveness of vaccinia immunoglobulin, which is given intravenously,
in human subjects still needs to be better established [47]. Furthermore, pregnant women
with severe disease are given either tecovirimat or vaccinia immunoglobulin, as they are
preferred over Brincidofovir and Cidofovir, particularly with Cidofovir being a terato-
gen [49] (Figure 1). Furthermore, the MPXV is often associated with bacterial infections,
which should be treated to avoid any complications that might result from an MPX viral
infection, according to clinical practice guidelines [1].

To face the outbreak, new MPX vaccines are being developed. Meanwhile, the USA has
approved vaccines that were proven effective in eradicating smallpox. Observational studies
demonstrated that smallpox vaccination prevents MPX 89% of the time [1,47,50,51]. As a result,
people who have been vaccinated against smallpox may have milder illnesses during
an MPX infection [1,47,50,51]. The immune response provides cross-protection against
orthopoxviruses, and this cross-protection is used to develop smallpox and MPX vaccines
that are based on the vaccinia virus [1,47,50,51]. In 2019, a novel two-dose MPX vaccine
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was developed using a modified attenuated vaccinia virus (Ankara strain). Unfortunately,
the vaccine is still in short supply. Another vaccine, ACAM2000, was approved by the
FDA for use in adults (>18 years old) at high risk of contracting smallpox. The vaccine,
which is formulated from a live vaccinia virus (replication-competent, 2nd generation
vaccine), was shown to protect against the MPXV and hence can be used as an alternative
to the JYNNEOS™ vaccine [1,47,50,51]. The JYNNEOS™ vaccine, a non-replicating vac-
cinia virus (3rd generation vaccine), also known as Imvamune or Imvanex, was approved
for use against MPX and smallpox in the USA. Preclinical data on animal models have
demonstrated good immunogenicity and effectiveness against the MPXYV, favoring its ap-
proval [1,47,50,51]. Both JYNNEOS™ and ACAM2000 are based on live viruses propagated
in cell cultures.

ACAM200, based on a live replication-competent virus, replicates and produces a mild
infection once in the host, inducing an immune response similar to the natural infection.
Nevertheless, in immunocompromised patients, infants, pregnant or breastfeeding women,
and individuals with a weak immune system, there is a residual risk of a severe or even
fatal infection, and the vaccine is contraindicated. Moreover, an increased risk of adverse
effects may occur in individuals presenting cardiac disease (risk for myopericardititis)
or dermatologic conditions (risk for skin infection, erythema, and eczema) [52,53]. JYN-
NEOS™, based on a non-replicating virus, presents a better safety profile and less severe
adverse effects [52]. To date, the use of JYNNEOS™ or ACAM?2000 is not recommended for
children, as their administration in the pediatric age group is considered off-label and has
been suggested only for postexposure prophylaxis in emergencies [52].

ACAM2000 is supplied as a lyophilized powder, whereas JYNNEOS™ is in a frozen
liquid form. However, both vaccines require storage at —20 °C before utilization, requiring
cold chain monitoring to maintain their characteristics [52]. The global distribution of these
vaccines presents an unequal allocation, with African countries the most disadvantaged,
mainly due to their pricing, storage, and administration by healthcare professionals [54,55].
As previously described, smallpox vaccines confer immunity against the MPXV; however,
global orthopoxvirus immunity has decreased since the eradication of the smallpox virus
and the cessation of compulsory smallpox vaccination in many countries between 1970
and 1980. This has resulted in an increase in MPX cases, particularly among unvaccinated
children, adolescents, and young individuals.

Moreover, the containment and eradication efforts will be challenging due to the spread
of the virus globally and the circulation of the virus in both human and non-human reservoirs.
Lessons learned from the ongoing COVID-19 pandemic have emphasized the importance
of developing preventative and therapeutic measures to avoid any catastrophic outcomes of
the current MPX outbreak [48]. Several approaches are being considered for developing new
vaccines against the MPXYV, including the rapidly growing nanotechnology field.

5. Utilizing Nanomedicine Applications to Face Monkeypox

Despite the progress in developing conventional vaccines for the orthopoxvirus, im-
provements are still required, especially with the low immunogenicity, toxicity, instability,
and multiple dose concerns associated with the conventionally available vaccines that cur-
rently employ a live attenuated vaccinia virus and not the MPXV itself or derived antigens.
Furthermore, viral infections pose significant global health challenges, especially with the
emergence of more resistant, rapidly evolving viruses causing new pandemics and epi-
demics, thus emphasizing the potential of nanomedicine applications in the field of antiviral
therapies. In addition to providing delivery tools, nanomedicine can increase cellular and
humoral immune responses. The involvement of nanoparticles in vaccine development can
enhance the immunogenicity and stability of antigens and modulate the immune response.
Therefore, over the past decades, nanoparticles such as polymers, liposomes, virus-like
particles, immunostimulant complexes, inorganic nanoparticles, and emulsions have been
designed and studied to stabilize vaccine antigens and act as adjuvants (Figure 4).



Vaccines 2023, 11, 428

7 of 14

Different Nanoformulations

. 99
on %%,

She R e :
hCeX N K70 et 7O

o o Polymer L Amphip Do
Patient with monkeypox 0 | cyclodextrns

0000,
%¢000°

Nanotechnology 00200,
based
applications 2

%500°

Gold Micelles Carbon nanotubes ~ Quantum dots
Nanoparticles
Nanomedicine
application
Nanovaccines Detection
tool
w‘%\ £o,

8 3
Targeted Delivery
} Targeted Molecule
° Q p I
Nanoparticle Drug Targeted Delivery

Figure 4. Nanotechnology applications that could be used to face the current monkeypox epidemic.

Despite having many different nanoformulation-based vaccines, such as the virus-
like particle, viral vector vaccines, and nucleic acid vaccines that are encapsulated in
lipid-based nanoparticles, which are used in clinics for other viral diseases, as well as the
others, including organic and inorganic nanomaterials, so far there are no nano-based
vaccines in clinical use for the MPXV [56-60]. However, of the studied nanoparticles, metal-
based nanoparticles have a vital role in presenting their activity without incorporating
drugs. Numerous activities of metal-based nanoparticles are already well documented,
such as blocking the host-virus interaction of the MPXV, competitive inhibition of the
herpes simplex virus, preventing the viral binding of the hepatitis B virus, inactivating
the tacaribe virus, and retarding viral attachment with the glycoprotein of the HIV-1
virus [56]. Furthermore, metal nanoparticles, such as iron oxide nanoparticles (FeNPs),
are known to have antiviral activity, acting as viral reservoirs and chelating the virus
circulating in the bloodstream, which could be used in designing detection tools for the
MPXV [57]. Additionally, FeNPs can interfere with the different stages of the viral life
cycle and modulate the immune response, as well as selectively targeting lung endothelial
cells, liver cells, and spleen cells. Similar properties seen in other viruses can be tested
to determine if FeNPs will have a similar effect on the MPXV. This is important as the
MPXV largely affects the lung, liver, and spleen, and FeNPs are known to accumulate in
these organs in addition to their anti-inflammatory activity [57-60]. Of the nanoparticle’s
properties, the immunomodulatory activity is attributable to its small size, which enhances
its recognition and facilitates its uptake by the antigen-presenting cells. Furthermore, the
surface functionalization of nanoparticles using different moieties permits the targeted
delivery of antigens to the desired cells with specific receptors, thereby stimulating selective
and specific immune responses [58].

In the present scenario, nanoparticles (especially metals) and their unique chemical
and physical properties are emerging as novel antiviral agents [61]. This is simply because,
compared to conventional antivirals, metals can attack different virus targets, lowering the
possibility of developing resistance. Moreover, metal nanoparticles have been studied for
their antiviral potential and antibacterial activity against Gram-negative and Gram-positive
bacteria [61]. Additionally, when designing nanovaccines and nanotherapeutic options for
viral infections, it is important to understand the viral life cycle, as metal nanoparticles
were shown to prevent or interfere with one or more stages of the viral life cycle [61]. This
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can facilitate the design of nanoagents that can interfere with one of the crucial viral life
stages, such as preventing its entry into the host cell, the genome replication and assembly,
the production of mature virions, and its release from the host cell. Theoretically, the
antiviral activity of any metal can be tested; however, more investigations need to be made
in that area.

Possible metal nanoparticles employed for this purpose include copper, zinc, titanium,
magnesium, gold, alginate, and silver nanoparticles against the hepatitis B virus, respiratory
syncytial virus, influenza virus, HIV-1, herpes simplex virus type 1, MPXV, and Tacaribe
virus [61]. Interestingly, gold nanoparticles (AuNPs) were shown to have inhibitory effects
on the viral infectivity and spread of the MPXV [60]. The uniqueness of the AuNPs depends
on their resistance to tarnishing. Earlier records date the use of gold for medical purposes
back to the Chinese civilization in 2500 BC. Since then, scientists have suggested utilizing
Au-based nanomaterials to treat viral diseases, including smallpox, skin ulcers, measles,
and syphilis [62]. Another nanoparticle that gained attention in the field of viral vaccine
development is silver nanoparticles (AgNPs), with results showing the nanoparticles’
antiviral activity against the MPXV, hepatitis B virus, HIV, herpes simplex virus, and
respiratory syncytial virus. Furthermore, other studies showed that small AgNPs (10 nm)
showed a higher antiviral potency and were more effective in reducing plaque formation
against the MPXV compared to larger sizes (20-80 nm) [63]. The AgNPs might exert such an
effect by intervening during the early steps of viral binding and penetration into the host cell.
Another theory is that once the virus enters the host cell, silver nanoparticles disrupt the
intracellular pathways important for virus replication [64]. The interaction of nanoparticles
with microorganisms is a developing area of research that has included evaluating the
antimicrobial capacity of certain silver-containing nanoparticles against vegetative bacteria
and HIV-1 [5,6]. Previous research on the nanoparticle-HIV-1 interaction demonstrated
that silver-containing nanoparticles inhibited HIV-1 infectivity in vitro by binding to the
disulfide bond regions of the CD4 binding domain within the gp120 glycoprotein subunit.
The binding of these nanoparticles to the gp120 subunit appeared to be size-dependent, as
particles larger than 10 nm were not observed attached to the viral envelope [65]. Based
on this previous study, using silver-containing nanoparticles as an antiviral therapeutic
agent may be a new area for developing nanotechnology-based antiviral therapeutics for
the MPXV [65].

In terms of organic nanoparticles (e.g., lipid), a research group developed lipid
nanoparticle (LNP)-formulated mRNA vaccines and investigated their effect on enhancing
the immune response both in vitro and in vivo for use in MPXV prevention. The results
showed the mRNA constructs’ translation, secretion, and biological activation, as evidenced
by the increase in the target monoclonal antibody levels (c7D11, c8A, and c6C). These data
demonstrated the feasibility of inducing multiple antibodies through mRNA constructs
using nanotechnology [66]. Another study by Alec et al. developed an mRNA vaccine that
encodes for four highly conserved MPXV surface proteins. These proteins are involved
in the attachment, entry, transmission, and induction of MPX immunity. The vaccine was
conjugated with an LNP, generating an mRNA-LNP vaccine. The results showed the supe-
riority of the mRNA-lipid nanoparticle vaccine in neutralizing and spreading the inhibitory
activity against the MPXV in tested animals compared to the lethal vaccinia virus (VACV)-
treated groups. Their remarkable discovery is promising and could be a game-changer
that needs further investigation [67]. In another study, Wang et al. employed nanoparticles
in devising a diagnostic test for the MPX viral infection and the differentiation between
the West and Central African MPXV isolates. The nanoparticle-based biosensor detection
tool was named MPXV-MCDA-LFB, and in this test, there were two sets of multiple cross
displacement amplification (MCDA) primers: D41L was designed to target the Central
African MPXV, and ATI was designed to target the West African MPXV. The reaction briefly
works by conducting an isothermal MCDA reaction for the DNA templates followed by the
lateral flow biosensor detection of the preamplification target sequences, with the optimal
reaction temperature and time being 64 °C for 30 min. The detection tool developed in this
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study was shown to be effective and rapid [68]. Moreover, the efficient inhibition of cell-
pathogen interactions to prevent infections is an urgent yet unsolved problem. However,
in their study, Benjamini et al. managed to develop functionalized multivalent 2D carbon
nanosystems to investigate their antiviral effects. In vitro investigations that determined
the ability of the orthopoxvirus strains to enter cells (Vero E6 (ECACC 85020206) and Hep2
(ECACC 86030501) showed that the 2D carbon nanosystems had excellent binding and
efficient inhibition of orthopoxvirus infections. Their results suggest that these nanosystems
are promising candidates to help us develop potent virus inhibitors [69]. Finally, a study
conducted by Solenne et al. suggested inhibiting orthopoxvirus infections by blocking viral
replication by using a small interfering RNA to target the D5R gene. Their study showed
the potential of siRNA in treating different poxvirus infections, including smallpox and
MPX. However, this will require using a carrier to ensure the safe delivery of the siRNA,
which indicates the importance of investigating different nanoparticles to be used in the
prevention of the MPXV [70,71].

Despite the great potential of the nanomedicine field, published work is limited to
in vitro and in vivo research, while their applicability in clinical practice has yet to be
achieved. However, the rapid spread of the MPXV in non-endemic countries will lay the
foundation for accelerating next-generation MPX vaccines, antivirals, and diagnostics to
monitor and control the MPXV [59].

6. MPXV Effect on the Immune System

Innate immune cells typically act as the first line of defense following MPX infection,
with numerous in vitro and in vivo studies demonstrating that monocytes and neutrophils
are the initial targets and the predictors of MPXV lethality [72]. Following an infection
and drainage to the lymph nodes (LNs), the MPXV replicates extensively in the lymphoid
tissues located in the neck and throat [72]. Furthermore, data showed that the MPXV targets
monocytes and macrophages, dendritic cells (DCs), B cells, and activated T cells [72]. After
which, the virus disseminates along the lymphohematogenous route to distant organs,
including the liver, spleen, lungs, kidney, intestines, skin, and other organs [72]. Moreover,
the MPXV was shown to affect the immune system (e.g., immune cells, immune components,
etc.). A study showed that despite being able to detect vaccinia virus-infected monocytes
and produce inflammatory cytokines (e.g., IFNy and TNF«), MPXV-specific CD4+ and
CD8+ T cells were largely incapable of responding to autologous MPXV-infected cells.

Further analysis revealed that the MPXV does not interfere with expression or in-
tracellular transportation. Instead, it prevents T cell receptor-mediated T cell activation
in trans, triggering a state of non-responsiveness by blocking antiviral T cell activation
and inflammatory cytokine production, contributing to viral dissemination in the infected
host [73]. Notably, when comparing the MPXV to the variola virus, the MPXV was found
to have an ortholog to COP-A44L that encoded the 346 aa proteins. In contrast, the variola
virus was found to have a 210 aa fragment of its ortholog that is missing the N-terminal
domain. A 3-B-hydroxysteriod dehydrogenase, encoded by the COP-A44L, functions by
converting the pregnenalone to progesterone and dehydroepiandrosterone to androsten-
dione [74]. Such a reaction is crucial for making all types of steroid hormones, including
glucocorticoids, known for their immunosuppressive and anti-inflammatory activities that
can affect the host’s antiviral immune response [74]. Therefore, using nanoparticles with
immunomodulatory activity can target the immune cells and prevent viral interaction with
the host cell, helping to develop new therapeutic and preventative strategies.

Immunotherapy is emerging as an effective preventative and treatment strategy for
many diseases, including infectious diseases. Therefore, developing and studying im-
munomodulatory nanosystems can rapidly overcome many obstacles that are faced in the
field of infectious diseases [75]. To date, various nano-formulations display important im-
munomodulatory capabilities. Some have immunostimulatory activities, while others have
immunosuppressive activities, which could be used to control the release of immunoregula-
tory agents, antigens, and adjuvants. Furthermore, nanoparticles with immunomodulatory
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activities can be further functionalized and decorated with agents to achieve targeted
delivery and boost the encapsulated agent’s efficacy. For example, decorating the surface of
the nanomaterials with mannose or the CD11c, CD40, and DEC-205 antibodies can promote
their internalization by DCs through receptor-mediated endocytosis [75].

Similarly, decorating nanoparticles with CD44, lectins, dextran, and folate makes them
more recognizable by the corresponding receptors overexpressed on macrophages, with
dextran having intrinsic targeting properties for macrophages [75]. Additionally, modifying
their surface with CD3 Ab and/or a tLyp1 peptide showed increased nanoparticle uptake
by T cells and regulatory T cells (Tregs), respectively. Recent studies showed that func-
tionalizing the nanoparticles with albumin-binding domains in a process called “albumin
hitchhiking” enabled the nanoparticles to drain to the LNs. These different techniques for
functionalizing nanoparticles can be utilized to prevent or resist bacterial or viral infections,
such as HIV, influenza, hepatitis, MPX, etc. [75]. In this aspect, nanoparticles with anti-
infective vaccines and specific antigenic components are used instead of whole microbes to
increase immune efficiency. Thus, protecting the antigens from early degradation, clearance,
and elimination from blood circulation.

Moreover, not using the nanoparticle anti-infective vaccines often requires the assis-
tance of adjuvants to effectively activate the immune systems. Virosome- and liposome-
based nanovaccines were tested in the face of infectious diseases and showed promising
efficacy in the human body. Until now, two nanoparticle-based vaccines (Epaxal and
Inflexal V) have been approved by the FDA for the prevention of malaria, influenza, and
hepatitis A [75]. Numerous pieces of evidence have confirmed the encouraging effects
of nanoparticle-based vaccines against infectious diseases. Such evidence can be used to
develop a nanoparticle-based vaccine that could prevent the spread of the MPXV while also
improving the immune response, particularly with nanoparticles enhancing the delivery
efficiency, carrying adjuvants, and slowly releasing loaded agents [75].

7. Challenges and Limitations

As with the development of other vaccines, using materials to develop nanovaccines is
accompanied with many challenges and limitations, which vary depending on the type of
nanomaterial used, with inorganic nanoparticles having more challenges than organic ones;
and the type of vaccine carried (i.e., is it inactivated, live attenuated, or a protein subunit).
Indeed, there are many studies in the literature discussing the challenges associated with the
type of nanomaterial used, thereby determining their potential drawbacks, such as ensuring
their biodegradability and biocompatibility, tailoring the elected immune response, and the
ability to minimize their toxicity [59]. In terms of the vaccine’s interactions with the used
nanomaterials, studies have shown that some nanoparticles can enhance the efficacy of the
carried drug, as shown in a study conducted by Zhao et al. [76]. Other studies suggested
the benefit of using LNPs as carriers for the mRNA since great advances were made in
this field, with data demonstrating the potential LNPs have in delivering mRNA-based
vaccines. This is because LNPs are considered a stable delivery system that can preserve
mRNA integrity, maintain their cellular uptake, and enhance the efficiency of their delivery
and nucleic acid release in the host cells [59]. Despite having an idea about the challenges
and drawbacks associated with the different types of nanomaterials, it is important to fully
investigate and study the toxicity, immune interaction, and effect of nanoparticles on the
carrying agent each time a nanovaccine is designed (e.g., when designing a vaccine for the
MPXV). Finally, other challenges that could be faced and need to be taken into consideration
when designing a nanovaccine for the MPXV are the cost effectiveness of the vaccine, the
ability to scale it up, and its stability in different environments, as many of the MPX cases
are in many counties that cannot afford strict storage and transport requirements.

8. Conclusions

In summary, despite the great international efforts, MPX cases continue to increase, and
it is now detected in 110 countries, probably because it is underestimated since many cases
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were and still are unreported or undiagnosed. Because the MPXV was previously confined
to Central and West African countries, with minimal studies and research conducted in
this area, more effort is required to develop better preventative and treatment strategies,
especially with only four returns found for the nanomedicine, nanoparticles, and MPXV
keywords in PubMed (as of 20 January 2023), and even fewer returns in other research
websites. This indicates how limited research was in this field until recently, when the focus
shifted to the MPXV when the MPX disease spread to the rest of the world. Now the US has
the world’s largest MPX outbreak, with more than 6600 cases across 48 states [55]. For these
reasons, we need to understand now more than ever that infectious diseases, particularly
zoonotic infections and viruses, will spread to the rest of the world regardless of their
geographical origins, with the COVID-19 pandemic being a dramatic example. Therefore,
we should now translate the advances and knowledge achieved with other viral infections
to prevent MPX infection and transmission. Such advances include using nanotechnology
and nanomaterial sciences to develop non-conventional tools. The nanomedicine field is
fast-growing, and the interaction of the nanoparticles with biological systems is now under
investigation to benefit the most from this highly promising approach. Furthermore, this
field holds great potential for triggering and developing new therapeutic, preventative,
and detection strategies and enhancing the immune response to viral infections. To do
so, more collaborative research is required to understand the similarity between different
viruses in terms of the affected host cell, involvement of immune cells and components,
and viral life cycle behavior. Developing such an understanding will lay the groundwork
for the development and exchange of nanomaterials for use and functionalization against
viral infections such as the MPXV.

Author Contributions: Conceptualization, N.A.M. and S.C.; data curation, N.A.M., SIM. and L.Z,;
writing—original draft preparation, N.A.M., SIM. and L.Z.; writing—review and editing, H.A.A.-K.
and S.C.; funding acquisition, N.A.M. All authors have read and agreed to the published version of
the manuscript.

Funding: NAM is a recipient of the Early Career Research Award (ECRA; ECRA03-006-3-004) from
the Qatar National Research Fund (QNRF), and the L'Oréal-UNESCO for Women in Science Middle
East Regional Young Talents ward 2021. This work was supported by the Ministry of Health,
Rome-Italy, in collaboration with the Institute for Maternal and Child Health IRCCS Burlo Garofolo,
Trieste-Italy (RC 47/20).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. World Health Organization (WHO). Monkeypox. Available online: https://www.who.int/news-room/fact-sheets/detail /
monkeypox (accessed on 8 October 2022).

2. Walker, PJ; Siddell, S.G.; Lefkowitz, E.J.; Mushegian, A.R.; Adriaenssens, E.M.; Alfenas-Zerbini, P.; Dempsey, D.M.; Dutilh,
B.E.; Garcia, M.L.; Curtis Hendrickson, R.; et al. Recent changes to virus taxonomy ratified by the International Committee on
Taxonomy of Viruses (2022). Arch. Virol. 2022, 167, 2429-2440. [CrossRef] [PubMed]

3. World Health Organization (WHO). SmallPox. Available online: https://www.who.int/health-topics/smallpox#tab=tab_1
(accessed on 8 October 2022).

4. Petersen, E.; Kantele, A.; Koopmans, M.; Asogun, D.; Yinka-Ogunleye, A.; Ihekweazu, C.; Zumla, A. Human Monkeypox:
Epidemiologic and Clinical Characteristics, Diagnosis, and Prevention. Infect. Dis. Clin. N. Am. 2019, 33, 1027-1043. [CrossRef]
[PubMed]

5. DiGiulio, D.B.; Eckburg, P.B. Human monkeypox: An emerging zoonosis. Lancet Infect. Dis. 2004, 4, 15-25. [CrossRef] [PubMed]

6.  World Health Organization. Multi-Country Monkeypox Outbreak in Non-Endemic Countries. Available online: https://www.
who.int/emergencies/disease-outbreak-news/item/2022-DONB385 (accessed on 27 October 2022).

7.  Centers for Disease Control and Prevention. Past U.S. Cases and Outbreaks. Available online: https://www.cdc.gov/poxvirus/

monkeypox/outbreak/us-outbreaks.html (accessed on 27 October 2022).


https://www.who.int/news-room/fact-sheets/detail/monkeypox
https://www.who.int/news-room/fact-sheets/detail/monkeypox
http://doi.org/10.1007/s00705-022-05516-5
http://www.ncbi.nlm.nih.gov/pubmed/35999326
https://www.who.int/health-topics/smallpox#tab=tab_1
http://doi.org/10.1016/j.idc.2019.03.001
http://www.ncbi.nlm.nih.gov/pubmed/30981594
http://doi.org/10.1016/S1473-3099(03)00856-9
http://www.ncbi.nlm.nih.gov/pubmed/14720564
https://www.who.int/emergencies/disease-outbreak-news/item/2022-DON385
https://www.who.int/emergencies/disease-outbreak-news/item/2022-DON385
https://www.cdc.gov/poxvirus/monkeypox/outbreak/us-outbreaks.html
https://www.cdc.gov/poxvirus/monkeypox/outbreak/us-outbreaks.html

Vaccines 2023, 11, 428 12 of 14

10.

11.

12.

13.
14.

15.

16.

17.

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

30.

31.

32.

33.

34.

35.

Beer, E.M.; Rao, V.B. A systematic review of the epidemiology of human monkeypox outbreaks and implications for outbreak
strategy. PLoS Negl. Trop. Dis. 2019, 13, e0007791. [CrossRef]

European Centre for Disease Prevention and Control. Factsheet for Health Professionals on Monkeypox. Available online:
https:/ /www.ecdc.europa.eu/en/all-topics-z/monkeypox/factsheet-health-professionals (accessed on 8 October 2022).

World Health Organization. Monkeypox—Democratic Republic of the Congo. Available online: https:/ /web.archive.org/web/
20220605103903 / https:/ /www.who.int/emergencies /disease-outbreak-news/item /monkeypox-democratic-republic-of-the-
congo (accessed on 27 October 2022).

World Health Organization. Monkeypox on the African Continent. Available online: https://cdn.who.int/media/docs/default-
source/epi-win/jean-paul.pdf?sfvrsn=df67a22d_2 (accessed on 27 October 2022).

World Health Organization. Weekly Bulletin on Outbreaks and Other Emergencies. Available online: https://apps.who.int/iris/
bitstream /handle /10665/350957 / OEW52-2026122021.pdf (accessed on 27 October 2022).

Kozlov, M. Monkeypox outbreaks: 4 key questions researchers have. Nature 2022, 606, 238-239. [CrossRef]

Thakur, V.; Thakur, P; Srivastava, S.; Kumar, P. Monkeypox virus (MPX) in humans a concern: Trespassing the global boundaries—
Correspondence. Int. J. Surg. 2022, 104, 106703. [CrossRef]

Dumont, C.; Irenge, L.M.; Magazani, E.K,; Garin, D.; Muyembe, ].J.; Bentahir, M.; Gala, ].L. Simple technique for in field samples
collection in the cases of skin rash illness and subsequent PCR detection of orthopoxviruses and varicella zoster virus. PLoS ONE
2014, 9, €96930. [CrossRef]

Isidro, J.; Borges, V.; Pinto, M.; Sobral, D.; Santos, ].D.; Nunes, A.; Mixao, V.; Ferreira, R; Santos, D.; Duarte, S.; et al. Phylogenomic
characterization and signs of microevolution in the 2022 multi-country outbreak of monkeypox virus. Nat. Med. 2022, 28,
1569-1572. [CrossRef]

Official Journal of the European Union. Commission Implementing Decision (EU) 2018/945 of 22 June 2018 on the Communicable
Diseases and Related Special Health Issues to be Covered by Epidemiological Surveillance as well as Relevant Case Definitions.
Available online: https:/ /eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32018D0945 (accessed on 8 October 2022).
Alakunle, E.; Moens, U.; Nchinda, G.; Okeke, M.I. Monkeypox Virus in Nigeria: Infection Biology, Epidemiology, and Evolution.
Viruses 2020, 12, 1257. [CrossRef]

Lefkowitz, E.J.; Wang, C.; Upton, C. Poxviruses: Past, present and future. Virus Res. 2006, 117, 105-118. [CrossRef]

Smith, G.L.; Murphy, B.].; Law, M. Vaccinia virus motility. Annu. Rev. Microbiol. 2003, 57, 323-342. [CrossRef]

Chiu, W.L,; Lin, C.L.; Yang, M.H.; Tzou, D.L.; Chang, W. Vaccinia virus 4c (A26L) protein on intracellular mature virus binds to
the extracellular cellular matrix laminin. J. Virol. 2007, 81, 2149-2157. [CrossRef] [PubMed]

Carter, G.C.; Law, M.; Hollinshead, M.; Smith, G.L. Entry of the vaccinia virus intracellular mature virion and its interactions with
glycosaminoglycans. J. Gen. Virol. 2005, 86, 1279-1290. [CrossRef]

Merecer, J.; Knébel, S.; Schmidt, EI.; Crouse, J.; Burkard, C.; Helenius, A. Vaccinia virus strains use distinct forms of macropinocy-
tosis for host-cell entry. Proc. Natl. Acad. Sci. USA 2010, 107, 9346-9351. [CrossRef]

Schmidt, EI; Bleck, C.K.; Mercer, J. Poxvirus host cell entry. Curr. Opin. Virol. 2012, 2, 20-27. [CrossRef]

McFadden, G. Poxvirus tropism. Nat. Rev. Microbiol. 2005, 3, 201-213. [CrossRef] [PubMed]

Smith, G.L.; Vanderplasschen, A.; Law, M. The formation and function of extracellular enveloped vaccinia virus. J. Gen. Virol.
2002, 83, 2915-2931. [CrossRef] [PubMed]

Osorio, J.E.; lams, K.P.; Meteyer, C.U.; Rocke, T.E. Comparison of monkeypox viruses pathogenesis in mice by in vivo imaging.
PLoS ONE 2009, 4, €6592. [CrossRef]

Zaucha, G.M,; Jahrling, P.B.; Geisbert, T.W.; Swearengen, J.R.; Hensley, L. The pathology of experimental aerosolized monkeypox
virus infection in cynomolgus monkeys (Macaca fascicularis). Lab. Investig. 2001, 81, 1581-1600. [CrossRef]

Khodakevich, L.; Jezek, Z.; Kinzanzka, K. Isolation of monkeypox virus from wild squirrel infected in nature. Lancet 1986, 11,
98-99. [CrossRef]

Radoni¢, A.; Metzger, S.; Dabrowski, PW.; Couacy-Hymann, E.; Schuenadel, L.; Kurth, A.; Mitz-Rensing, K.; Boesch, C,;
Leendertz, FH.; Nitsche, A. Fatal monkeypox in wild-living sooty mangabey, Cote d'Ivoire, 2012. Emerg. Infect. Dis. 2014, 20,
1009-1011. [CrossRef] [PubMed]

Durski, K.N.; McCollum, A.M.; Nakazawa, Y.; Petersen, B.W.; Reynolds, M.G.; Briand, S.; Djingarey, M.H.; Olson, V.; Damon,
LK.; Khalakdina, A. Emergence of Monkeypox—West and Central Africa, 1970-2017. MMWR Morb. Mortal. Wkly. Rep. 2018, 67,
306-310. [CrossRef]

Ellis, C.K,; Carroll, D.S.; Lash, R.R.; Peterson, A.T.; Damon, I.K.; Malekani, J.; Formenty, P. Ecology and geography of human
monkeypox case occurrences across Africa. J. Wildl. Dis. 2012, 48, 335-347. [CrossRef]

Damon, LK. Status of human monkeypox: Clinical disease, epidemiology and research. Vaccine 2011, 29 (Suppl. 4), D54-D59.
[CrossRef]

Hutson, C.L.; Carroll, D.S.; Gallardo-Romero, N.; Weiss, S.; Clemmons, C.; Hughes, C.M.; Salzer, ].S.; Olson, V.A.; Abel, J.; Karem,
K.L.; et al. Monkeypox disease transmission in an experimental setting: Prairie dog animal model. PLoS ONE 2011, 6, e28295.
[CrossRef]

Ogoina, D.; Izibewule, ].H.; Ogunleye, A.; Ederiane, E.; Anebonam, U.; Neni, A.; Oyeyemi, A.; Etebu, E.N.; Ihekweazu, C. The
2017 human monkeypox outbreak in Nigeria-Report of outbreak experience and response in the Niger Delta University Teaching
Hospital, Bayelsa State, Nigeria. PLoS ONE 2019, 14, e0214229. [CrossRef]


http://doi.org/10.1371/journal.pntd.0007791
https://www.ecdc.europa.eu/en/all-topics-z/monkeypox/factsheet-health-professionals
https://web.archive.org/web/20220605103903/https://www.who.int/emergencies/disease-outbreak-news/item/monkeypox-democratic-republic-of-the-congo
https://web.archive.org/web/20220605103903/https://www.who.int/emergencies/disease-outbreak-news/item/monkeypox-democratic-republic-of-the-congo
https://web.archive.org/web/20220605103903/https://www.who.int/emergencies/disease-outbreak-news/item/monkeypox-democratic-republic-of-the-congo
https://cdn.who.int/media/docs/default-source/epi-win/jean-paul.pdf?sfvrsn=df67a22d_2
https://cdn.who.int/media/docs/default-source/epi-win/jean-paul.pdf?sfvrsn=df67a22d_2
https://apps.who.int/iris/bitstream/handle/10665/350957/OEW52-2026122021.pdf
https://apps.who.int/iris/bitstream/handle/10665/350957/OEW52-2026122021.pdf
http://doi.org/10.1038/d41586-022-01493-6
http://doi.org/10.1016/j.ijsu.2022.106703
http://doi.org/10.1371/journal.pone.0096930
http://doi.org/10.1038/s41591-022-01907-y
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32018D0945
http://doi.org/10.3390/v12111257
http://doi.org/10.1016/j.virusres.2006.01.016
http://doi.org/10.1146/annurev.micro.57.030502.091037
http://doi.org/10.1128/JVI.02302-06
http://www.ncbi.nlm.nih.gov/pubmed/17166913
http://doi.org/10.1099/vir.0.80831-0
http://doi.org/10.1073/pnas.1004618107
http://doi.org/10.1016/j.coviro.2011.11.007
http://doi.org/10.1038/nrmicro1099
http://www.ncbi.nlm.nih.gov/pubmed/15738948
http://doi.org/10.1099/0022-1317-83-12-2915
http://www.ncbi.nlm.nih.gov/pubmed/12466468
http://doi.org/10.1371/journal.pone.0006592
http://doi.org/10.1038/labinvest.3780373
http://doi.org/10.1016/S0140-6736(86)90748-8
http://doi.org/10.3201/eid2006.131329
http://www.ncbi.nlm.nih.gov/pubmed/24857667
http://doi.org/10.15585/mmwr.mm6710a5
http://doi.org/10.7589/0090-3558-48.2.335
http://doi.org/10.1016/j.vaccine.2011.04.014
http://doi.org/10.1371/journal.pone.0028295
http://doi.org/10.1371/journal.pone.0214229

Vaccines 2023, 11, 428 13 of 14

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

Doshi, R.H.; Guagliardo, S.A.].; Doty, ].B.; Babeaux, A.D.; Matheny, A.; Burgado, J.; Townsend, M.B.; Morgan, C.N.; Satheshkumar,
PS.; Ndakala, N.; et al. Epidemiologic and Ecologic Investigations of Monkeypox, Likouala Department, Republic of the Congo,
2017. Emerg. Infect. Dis. 2019, 25, 281-289. [CrossRef]

Li, Y;; Olson, V.A.; Laue, T.; Laker, M.T.; Damon, LK. Detection of monkeypox virus with real-time PCR assays. J. Clin. Virol. 2006,
36, 194-203. [CrossRef] [PubMed]

Yinka-Ogunleye, A.; Aruna, O.; Dalhat, M.; Ogoina, D.; McCollum, A.; Disu, Y.; Mamadu, L; Akinpelu, A.; Ahmad, A,
Burga, J.; et al. Outbreak of human monkeypox in Nigeria in 2017-18: A clinical and epidemiological report. Lancet Infect. Dis.
2019, 19, 872-879. [CrossRef] [PubMed]

Orba, Y.; Sasaki, M.; Yamaguchi, H.; Ishii, A.; Thomas, Y.; Ogawa, H.; Hang’ombe, B.M.; Mweene, A.S.; Morikawa, S.;
Saijo, M.; et al. Orthopoxvirus infection among wildlife in Zambia. J. Gen. Virol. 2015, 96, 390-394. [CrossRef] [PubMed]

Li, Y.; Zhao, H.; Wilkins, K.; Hughes, C.; Damon, I.K. Real-time PCR assays for the specific detection of monkeypox virus West
African and Congo Basin strain DNA. J. Virol. Methods 2010, 169, 223-227. [CrossRef] [PubMed]

Kulesh, D.A.; Loveless, B.M.; Norwood, D.; Garrison, J.; Whitehouse, C.A.; Hartmann, C.; Mucker, E.; Miller, D.; Wasieloski, L.P,;
Huggins, J.; et al. Monkeypox virus detection in rodents using real-time 3'-minor groove binder TagMan assays on the Roche
LightCycler. Lab. Investig. 2004, 84, 1200-1208. [CrossRef] [PubMed]

Cohen-Gihon, L; Israeli, O.; Shifman, O.; Erez, N.; Melamed, S.; Paran, N.; Beth-Din, A.; Zvi, A. Identification and Whole-Genome
Sequencing of a Monkeypox Virus Strain Isolated in Israel. Microbiol. Resour. Announc. 2020, 9, €01524-19. [CrossRef] [PubMed]
Farlow, J.; Ichou, M.A; Huggins, J.; Ibrahim, S. Comparative whole genome sequence analysis of wild-type and cidofovir-resistant
monkeypoxvirus. Virol. J. 2010, 7, 110. [CrossRef]

lizuka, L; Saijo, M.; Shiota, T.; Ami, Y.; Suzaki, Y.; Nagata, N.; Hasegawa, H.; Sakai, K.; Fukushi, S.; Mizutani, T.; et al. Loop-
mediated isothermal amplification-based diagnostic assay for monkeypox virus infections. J. Med. Virol. 2009, 81, 1102-1108.
[CrossRef]

Davi, S.D.; Kissenk®étter, J.; Faye, M.; Bohlken-Fascher, S.; Stahl-Hennig, C.; Faye, O.; Sall, A.A.; Weidmann, M.; Ademowo, O.G;
Hufert, ET.; et al. Recombinase polymerase amplification assay for rapid detection of Monkeypox virus. Diagn. Microbiol. Infect.
Dis. 2019, 95, 41-45. [CrossRef]

Doellinger, ]J.; Schaade, L.; Nitsche, A. Comparison of the Cowpox Virus and Vaccinia Virus Mature Virion Proteome: Analysis of
the Species- and Strain-Specific Proteome. PLoS ONE 2015, 10, e0141527. [CrossRef]

Centers for Disease Control and Prevention. 2022 Monkeypox Outbreak Global Map. Available online: https://www.cdc.gov/
poxvirus/monkeypox/response/2022 /world-map.html (accessed on 8 October 2022).

See, K.C. Vaccination for Monkeypox Virus Infection in Humans: A Review of Key Considerations. Vaccines 2022, 10, 1342.
[CrossRef] [PubMed]

Reynolds, M.G.; Doty, ].B.; McCollum, A.M.; Olson, V.A.; Nakazawa, Y. Monkeypox re-emergence in Africa: A call to expand the
concept and practice of One Health. Expert Rev. Anti-Infect. Ther. 2019, 17, 129-139. [CrossRef] [PubMed]

Falcinelli, S.D.; Chertow, D.S.; Kindrachuk, J. Integration of Global Analyses of Host Molecular Responses with Clinical Data To
Evaluate Pathogenesis and Advance Therapies for Emerging and Re-emerging Viral Infections. ACS Infect. Dis. 2016, 2, 787-799.
[CrossRef]

Brown, K.; Leggat, P.A. Human Monkeypox: Current State of Knowledge and Implications for the Future. Trop. Med. Infect. Dis.
2016, 1, 8. [CrossRef] [PubMed]

Abdelaal, A.; Reda, A.; Lashin, B.I,; Katamesh, B.E.; Brakat, A.M.; Al-Manaseer, BM.; Kaur, S.; Asija, A.; Patel, N.K.; Bas-
nyat, S.; et al. Preventing the Next Pandemic: Is Live Vaccine Efficacious against Monkeypox, or Is There a Need for Killed Virus
and mRNA Vaccines? Vaccines 2022, 10, 1419. [CrossRef]

Faix, D.J.; Gordon, D.M.; Perry, L.N.; Raymond-Loher, L; Tati, N.; Lin, G.; DiPietro, G.; Selmani, A.; Decker, M.D. Prospective
safety surveillance study of ACAM2000 smallpox vaccine in deploying military personnel. Vaccine 2020, 38, 7323-7330. [CrossRef]
Farahat, R.A.; Katamesh, B.E.; Memish, Z.A. Africa and monkeypox vaccinations: A call for action. New Microbes New Infect. 2022,
49,101037. [CrossRef] [PubMed]

Taylor, L. Monkeypox: Concerns mount over vaccine inequity. BM]J 2022, 378, 01971. [CrossRef]

Safarzadeh, M.; Sadeghi, S.; Azizi, M.; Rastegari-Pouyani, M.; Pouriran, R.; Haji Molla Hoseini, M. Chitin and chitosan as tools to
combat COVID-19: A triple approach. Int. J. Biol. Macromol. 2021, 183, 235-244. [CrossRef] [PubMed]

Mohamed, N.A.; Marei, I.; Crovella, S.; Saleh, H.A. Iron-Based Nanoparticles, an accurate and powerful sniper targeting
SARS-CoV-2. Adv. Cardiovasc. Res. 2020, 3, 295-304. [CrossRef]

Mohamed, N.A.; Davies, R.P; Lickiss, P.D.; Ahmetaj-Shala, B.; Reed, D.M.; Gashaw, H.H.; Saleem, H.; Freeman, G.R.; George,
PM.; Wort, S.J.; et al. Chemical and biological assessment of metal organic frameworks (MOFs) in pulmonary cells and in an
acute in vivo model: Relevance to pulmonary arterial hypertension therapy. Pulm. Circ. 2017, 7, 643-653. [CrossRef]

Mohamed, N.A.; Abou-Saleh, H.; Mohamed, H.A.; Al-Ghouti, M.A ; Crovella, S.; Zupin, L. Think like a Virus: Toward Improving
Nanovaccine Development against SARS-CoV-2. Viruses 2022, 14, 1553. [CrossRef]

Antoine, T.E.; Mishra, Y.K.; Trigilio, J.; Tiwari, V.; Adelung, R.; Shukla, D. Prophylactic, therapeutic and neutralizing effects of
zinc oxide tetrapod structures against herpes simplex virus type-2 infection. Antivir. Res. 2012, 96, 363-375. [CrossRef]
Kheirollahpour, M.; Mehrabi, M.; Dounighi, N.M.; Mohammadi, M.; Masoudi, A. Nanoparticles and Vaccine Development.
Pharm. Nanotechnol. 2020, 8, 6-21. [CrossRef] [PubMed]


http://doi.org/10.3201/eid2502.181222
http://doi.org/10.1016/j.jcv.2006.03.012
http://www.ncbi.nlm.nih.gov/pubmed/16731033
http://doi.org/10.1016/S1473-3099(19)30294-4
http://www.ncbi.nlm.nih.gov/pubmed/31285143
http://doi.org/10.1099/vir.0.070219-0
http://www.ncbi.nlm.nih.gov/pubmed/25319753
http://doi.org/10.1016/j.jviromet.2010.07.012
http://www.ncbi.nlm.nih.gov/pubmed/20643162
http://doi.org/10.1038/labinvest.3700143
http://www.ncbi.nlm.nih.gov/pubmed/15208646
http://doi.org/10.1128/MRA.01524-19
http://www.ncbi.nlm.nih.gov/pubmed/32139560
http://doi.org/10.1186/1743-422X-7-110
http://doi.org/10.1002/jmv.21494
http://doi.org/10.1016/j.diagmicrobio.2019.03.015
http://doi.org/10.1371/journal.pone.0141527
https://www.cdc.gov/poxvirus/monkeypox/response/2022/world-map.html
https://www.cdc.gov/poxvirus/monkeypox/response/2022/world-map.html
http://doi.org/10.3390/vaccines10081342
http://www.ncbi.nlm.nih.gov/pubmed/36016230
http://doi.org/10.1080/14787210.2019.1567330
http://www.ncbi.nlm.nih.gov/pubmed/30625020
http://doi.org/10.1021/acsinfecdis.6b00104
http://doi.org/10.3390/tropicalmed1010008
http://www.ncbi.nlm.nih.gov/pubmed/30270859
http://doi.org/10.3390/vaccines10091419
http://doi.org/10.1016/j.vaccine.2020.09.037
http://doi.org/10.1016/j.nmni.2022.101037
http://www.ncbi.nlm.nih.gov/pubmed/36284773
http://doi.org/10.1136/bmj.o1971
http://doi.org/10.1016/j.ijbiomac.2021.04.157
http://www.ncbi.nlm.nih.gov/pubmed/33930442
http://doi.org/10.32474/ACR.2020.03.000162
http://doi.org/10.1177/2045893217710224
http://doi.org/10.3390/v14071553
http://doi.org/10.1016/j.antiviral.2012.09.020
http://doi.org/10.2174/2211738507666191024162042
http://www.ncbi.nlm.nih.gov/pubmed/31647394

Vaccines 2023, 11, 428 14 of 14

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Ghosh, U.; Sayef Ahammed, K.; Mishra, S.; Bhaumik, A. The Emerging Roles of Silver Nanoparticles to Target Viral Life Cycle
and Detect Viral Pathogens. Chem. Asian J. 2022, 17, €202101149. [CrossRef]

Kumar, A.; Mazinder Boruah, B.; Liang, X.J. Gold Nanoparticles: Promising Nanomaterials for the Diagnosis of Cancer and
HIV/AIDS. J. Nanomater. 2011, 2011, 202187. [CrossRef]

Sharmin, S.; Rahaman, M.M.; Sarkar, C.; Atolani, O.; Islam, M.T.; Adeyemi, O.S. Nanoparticles as antimicrobial and antiviral
agents: A literature-based perspective study. Heliyon 2021, 7, e06456. [CrossRef]

Galdiero, S.; Falanga, A.; Vitiello, M.; Cantisani, M.; Marra, V.; Galdiero, M. Silver nanoparticles as potential antiviral agents.
Molecules 2011, 16, 8894. [CrossRef]

Rogers, ].V.,; Parkinson, C.V.; Choi, Y.W.; Speshock, J.L.; Hussain, S.M. A Preliminary Assessment of Silver Nanoparticle Inhibition
of Monkeypox Virus Plaque Formation. Nanoscale Res. Lett. 2008, 3, 129-133. [CrossRef]

Mucker, E.M.; Thiele-Suess, C.; Baumhof, P.; Hooper, ].W. Lipid nanoparticle delivery of unmodified mRNAs encoding multiple
monoclonal antibodies targeting poxviruses in rabbits. Mol. Ther. Nucleic Acids 2022, 28, 847-858. [CrossRef]

Freyn, A.W.; Atyeo, C.; Earl, PL.; Americo, J.L.; Chuang, G.Y.; Natarajan, H.; Frey, TR.; Gall, J.; Moliva, ].I; Hunegnaw, R ; et al. A
monkeypox mRNA-lipid nanoparticle vaccine targeting virus binding, entry, and transmission drives protection against lethal
orthopoxviral challenge. bioRxiv 2022. [CrossRef]

Zhou, J.; Xiao, F; Fu, J.; Jia, N.; Huang, X.; Sun, C.; Liu, C.; Huan, H.; Wang, Y. Rapid Detection of Monkeypox Virus by Multiple
Cross Displacement Amplification Combined with Nanoparticle-based Biosensor platform. J. Med. Virol. 2023, 95, e28479.
[CrossRef] [PubMed]

Ziem, B.; Thien, H.; Achazi, K.; Yue, C.; Stern, D.; Silberreis, K.; Gholami, M.E; Beckert, F.; Groger, D.; Miilhaupt, R.; et al.
Highly Efficient Multivalent 2D Nanosystems for Inhibition of Orthopoxvirus Particles. Adv. Healthc. Mater. 2016, 5, 2922-2930.
[CrossRef]

Vigne, S.; Germi, R.; Duraffour, S.; Larrat, S.; Andrei, G.; Snoeck, R.; Garin, D.; Crance, ].M. Specific inhibition of orthopoxvirus
replication by a small interfering RNA targeting the D5R gene. Antivir. Ther. 2008, 13, 357-368. [CrossRef] [PubMed]

Lum, EM.; Torres-Ruesta, A.; Tay, M.Z.; Lin, RT.P; Lye, D.C.; Rénia, L.; Ng, L.EP. Monkeypox: Disease epidemiology, host
immunity and clinical interventions. Nat. Rev. Immunol. 2022, 22, 597-613. [CrossRef] [PubMed]

Hammarlund, E.; Dasgupta, A.; Pinilla, C.; Norori, P.; Friih, K.; Slifka, M.K. Monkeypox virus evades antiviral CD4+ and CD8+ T
cell responses by suppressing cognate T cell activation. Proc. Natl. Acad. Sci. USA 2008, 105, 14567-14572. [CrossRef] [PubMed]
Weaver, ].R.; Isaacs, S.N. Monkeypox virus and insights into its immunomodulatory proteins. Immunol. Rev. 2008, 225, 96-113.
[CrossRef] [PubMed]

Feng, X.; Xu, W,; Li, Z.; Song, W.; Ding, J.; Chen, X. Inmunomodulatory Nanosystems. Adv. Sci. 2019, 6, 1900101. [CrossRef]
[PubMed]

Zhao, D.; Tan, S.; Yuan, D.; Lu, W.; Rezenom, Y.H.; Jiang, H.; Wang, L.Q.; Zhou, H.C. Surface functionalization of porous
coordination nanocages via click chemistry and their application in drug delivery. Adv. Mater. 2011, 23, 90-93. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1002/asia.202101149
http://doi.org/10.1155/2011/202187
http://doi.org/10.1016/j.heliyon.2021.e06456
http://doi.org/10.3390/molecules16108894
http://doi.org/10.1007/s11671-008-9128-2
http://doi.org/10.1016/j.omtn.2022.05.025
http://doi.org/10.1101/2022.12.17.520886
http://doi.org/10.1002/jmv.28479
http://www.ncbi.nlm.nih.gov/pubmed/36609918
http://doi.org/10.1002/adhm.201600812
http://doi.org/10.1177/135965350801300307
http://www.ncbi.nlm.nih.gov/pubmed/18572748
http://doi.org/10.1038/s41577-022-00775-4
http://www.ncbi.nlm.nih.gov/pubmed/36064780
http://doi.org/10.1073/pnas.0800589105
http://www.ncbi.nlm.nih.gov/pubmed/18796610
http://doi.org/10.1111/j.1600-065X.2008.00691.x
http://www.ncbi.nlm.nih.gov/pubmed/18837778
http://doi.org/10.1002/advs.201900101
http://www.ncbi.nlm.nih.gov/pubmed/31508270
http://doi.org/10.1002/adma.201003012

	Introduction 
	Viral Replication Cycle 
	Tropism, Transmission, Symptoms, and Disease Course 
	Diagnostic Tools, Treatment, and Preventative Strategies 
	Utilizing Nanomedicine Applications to Face Monkeypox 
	MPXV Effect on the Immune System 
	Challenges and Limitations 
	Conclusions 
	References

