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Abstract: Monkeypox disease (Mpox) has threatened humankind worldwide since mid-2022. The
Mpox virus (MpoxV) is an example of Orthopoxviruses (OPVs), which share similar genomic struc-
tures. A few treatments and vaccines are available for Mpox. OPV-specific VP37 protein (VP37P)
is a target for developing drugs against Mpox and other OPV-induced infections such as smallpox.
This review spotlights the existing and prospective VP37P inhibitors (VP37PIs) for Mpox. The non-
patent literature was collected from PubMed, and the patent literature was gathered from free patent
databases. Very little work has been carried out on developing VP37PIs. One VP37PI (tecovirimat)
has already been approved in Europe to treat Mpox, while another drug, NIOCH-14, is under clinical
trial. Developing tecovirimat/NIOCH-14-based combination therapies with clinically used drugs
demonstrating activity against Mpox or other OPV infections (mitoxantrone, ofloxacin, enrofloxacin,
novobiocin, cidofovir, brincidofovir, idoxuridine, trifluridine, vidarabine, fialuridine, adefovir, ima-
tinib, and rifampicin), immunity boosters (vitamin C, zinc, thymoquinone, quercetin, ginseng, etc.),
and vaccines may appear a promising strategy to fight against Mpox and other OPV infections. Drug
repurposing is also a good approach for identifying clinically useful VP37PIs. The dearth in the
discovery process of VP37PIs makes it an interesting area for further research. The development
of the tecovirimat/NIOCH-14-based hybrid molecules with certain chemotherapeutic agents looks
fruitful and can be explored to obtain new VP37PI. It would be interesting and challenging to develop
an ideal VP37PI concerning its specificity, safety, and efficacy.

Keywords: VP37 protein; F13L; tecovirimat; NIOCH-14; discovery; development

1. Introduction

The zoonotic monkeypox disease (Mpox) is caused by the Mpox virus (MpoxV), which
is an enveloped double-stranded DNA virus of the poxiviridae family and the genus
Orthopoxvirus (OPV) [1–3]. The first case of Mpox was identified in 1958 in monkeys,
whereas the first case in humans was reported in 1970 [3]. Mpox is a close relative of
smallpox disease caused by another OPV called variola virus [2]. Smallpox was eradicated
in the early 1980s, but cases of Mpox have been consistently reported as endemic in African
nations. This is because smallpox has humans as the only host, while Mpox has humans
and many animals as hosts, making it difficult to eradicate. The mode of transmission,
symptoms, diagnosis, and complications of Mpox is depicted in Figure 1 [4–8].
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Figure 1. Mode of transmission, symptoms, diagnosis, complications, prevention, and treatments
of Mpox.

Some outbreaks of Mpox were reported in non-African countries such as the United
States of America (2003 and 2021), the United Kingdom (2018), Northern Ireland (2021),
and Singapore (2019) [1,3]. However, the Mpox outbreak of 2022 has caused a serious
health concern worldwide. Until 25 January 2023, the WHO reported 85,106 confirmed
cases and 83 deaths in 110 countries [9]. There are two clades of MpoxV, wherein clade IIb
is considered the major cause of the Mpox outbreak of 2022 (Table 1) [10].

Table 1. Clades of MpoxV.

Clade
(Synonym) Subclade Affected Countries Mortality Rate

I
(Congo Basin or

Central African clade)
- Central Africa, Cameroon,

Congo, Gabon, South Sudan 10.6%

II
(West African clade)

IIa Liberia, Nigeria, Sierra Leone,
Cameroon, Cote d’Ivoire

3.6%
IIb Main clade for Mpox

2022 outbreaks

Even though the globe is currently grappling with the pandemic instigated by the
coronavirus disease 2019 (COVID-19), the Mpox outbreak has caused public health experts
to express alarm about the possibility that it could pose a new global threat [11].

Tecovirimat is an approved treatment for Mpox [12]. The Centers for Disease Control
and Prevention (CDC) has also recommended some antivirals and vaccines to battle Mpox
on a need basis [13] (Table 2).
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Table 2. Treatment and prevention of Mpox.

Drug Name Drug Category Mechanism of Action Reference
Tecovirimat Antiviral VP37 protein inhibitor (VP37PI) [3]
Cidofovir Antiviral DNA polymerase inhibitors [14]

Brincidofovir
(Prodrug of cidofovir) Antiviral DNA polymerase inhibitors [14]

Vaccinia immune globulin Blood product Kills mature virus or intracellular
mature virus [13,15]

LC16 KMB
(LC16m8)

A third-generation, live, replicating
attenuated vaccine containing live

vaccinia virus (LC16m8 strain)

Neutralizes the Orthopoxvirus
infection-induced antibodies [16]

JYNNEOS An attenuated, live, non-replicating,
third-generation vaccine

Stimulates cellular and humoral
immunity against Orthopoxvirus

infection-induced antibodies
[13,17,18]

ACAM2000
ACAM2000 is the second

generation live attenuated vaccine
containing live vaccinia virus

The vaccine stimulates a person’s
immune system to produce

antibodies against OPVs
[13,17,18]

2. Drug Targets and VP37 Protein (VP37P)

Vaccinia virus is the prototype of OPVs and has an established replication cycle.
Accordingly, numerous Vaccinia virus-based molecular drug targets for developing anti-
OPV drugs have been reported in the literature (Table 3) [3,10,14,19,20].

Table 3. Molecular targets for developing anti-OPV drugs [3,10,14,19,20].

S. No Stage of Replication Examples of Inhibitors Drug Target (Gene)

1 DNA processing
and packaging

Mitoxantrone (DNA ligase); ofloxacin,
enrofloxacin, and novobiocin

(topoisomerase type IB)

DNA helicase (A18R), Holliday junction
resolvase (A22R and K4L), DNA ligase
(A50R), topoisomerase type IB (H6R),
telomere binding proteins (I1L, I6L,

and K4L)

2 DNA replication

Cidofovir, brincidofovir, aphidicolin,
cytosine arabinoside, and

phosphonoacetic acid
(DNA polymerase); siRNA and small

peptide aptamers (NTPase)

Polymerase processivity factor (A20R and
D4R), uracil DNA glycosylase (A20R and
D4R), NTPase (D5R), DNA polymerase

(E9L), Substrate of B1R kinase (H5R),
ssDNA-binding phosphoprotein (I3L)

3 Enzymatic targets

Hydroxyurea (ribonucleotide reductase
subunits); aurintricarboxylic acid and

ethacrynic acid (tyr/ser protein
phosphatase); TTP-6171 (essential viral
proteinases); siRNA (Ser/Thr kinase);

5-iodo-4′-thio-2-deoxyuridine and
N-methanocarbathymidine

(thymidine kinase)

Thymidylate kinase (A48R), ser/thr
kinase (B1R), ribonucleotide reductase

subunits (F4L and I4L), essential ser/thr
kinase (F10L), tyr/ser protein

phosphatase (H1L), essential viral
proteinases (I7L and G1L), thymidine

kinase (J2R)

4 Entry and uncoating -

Structural and membrane proteins (A16L,
A17L, A21L, A26L, A27L, A28L, B5R,

D8L, F9L, G3L, G9R, H2R, H3L, J5L, L1R,
and L5R)
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Table 3. Cont.

S. No Stage of Replication Examples of Inhibitors Drug Target (Gene)

5 Morphogenesis Rifampicin (rifampicin resistance protein)

Assembly complex (A10L, A15L, A30L,
D2L, D3R, F10L, F13L, G7L, and J1R),

nonstructural proteins (A11R and A32L),
rifampicin resistance protein (D13L),

intracellular mature virus (H3L),
intracellular mature virus membrane

protein (L1R)

6 Transcription and
mRNA processing

Isatin-β-thiosemicarbazones and
methisazone (Late-transcription

elongation factor; Poly(A) polymerase
Subunit; RNA polymerase subunits)

RNA polymerase subunits (A24R, A29L,
A5R, D7R, E4L, G5.5R, H4L, J4R, and
J6R), NPH-I (D11L), mRNA capping

enzyme (D12L, D1R), Poly(A)
polymerase VP55 and V39 (E1L, J3L),

late-transcription elongation factor (G2R),
RNA polymerase-associated protein

(RAP94) (H4L)

7 Formation of extracellular
enveloped virus

Tecovirimat, NIOCH-14, and IMCBH
(VP37 protein); vaccinia immune globulin

(Extracellular enveloped virion
membrane glycoprotein)

Intracellular mature virus surface protein
(A27L), intracellular enveloped virions

transmembrane protein (A36R),
extracellular enveloped virion membrane
glycoprotein (B5R), actin tail formation

(A33R and (A34R), extracellular
enveloped virus formation protein called

VP37 (F13L)

Because of the similarity in the viral genome of OPVs, especially in the VP37 protein
(VP37P), the treatments already available for smallpox might also be successful for Mpox.
Tecovirimat has the most compelling evidence supporting its efficacy and safety in treating
Mpox [3,21]. As a result, developing novel antivirals focused on specific targets such
as the VP37P can increase the accessibility and range of effective anti-OPV drugs. This
article spotlights the existing and prospective VP37PI-based treatments for Mpox and other
OPV infections.

The updated literature (patent and non-patent) for this manuscript was collected on
17 January 2023, from PubMed and different free patent databases (Espacenet, Patentscope,
and USPTO) utilizing various keywords (VP37, p37, F13L, Mpox, smallpox, Orthopoxvirus,
tecovirimat, TPOXX, ST-246, SIGA-246, NIOCH-14, and IMCBH) and their combinations [3,14].
The identical results were removed, and the literature relevant to the subject matter was
selected for writing this article. Our patent and non-patent searches provided only a
few specific VP37P inhibitors (VP37PIs). Many patents/applications related to modified
viruses/F13L genes were identified for preparing vaccines for OPV infections. Accordingly,
those patents/applications are not discussed in this review.

MpoxV and other OPVs are DNA viruses that replicate in the cytoplasm instead of the
nucleus of the infected cells. For a virus to strive and cause infection, it must effectively
recognize, penetrate, uncoat, and synthesize all the required proteins needed to form a
matured virus. The replication cycle of an OPV is provided in Figure 2 [3,14,19,20,22].
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Figure 2. The replication cycle of an OPV/MpoxV.

The proteins of OPVs are synthesized from the viral genome’s open reading frames
(ORFs). Table 3 lists the genes responsible for the synthesis of OPV proteins. Mpox and
other OPVs have an established viral genome [19,20,22]. Most of these ORFs are conserved
for all OPVs, for instance, F13L, which encodes for the VP37P (37 kDa) of OPVs [23].
Interestingly, the E353K alteration in the VP37P was identified in the leakage responsible
for the 2022 Mpox outbreak [12]. This protein is required for the viral interaction with
human target cell membrane protein TIP47 and Rab9 of infected cells, catalyzing the intra-
cellular viral particle maturation to competent variola viral particles and the subsequent
assembly of the extracellular virus [23–25].

3. Marketed and Patented Drugs
3.1. Tecovirimat (TPOXX, ST-246, and SIGA-246)

Tecovirimat, a tetracyclic acylhydrazide derivative, was first identified as an anti-OPV
agent in 2002 [3] (Figure 3), whereas WO2004112718A2 was the first published patent
application claiming tecovirimat as an anti-OPV infection agent [26].

Figure 3. Chemical structure of tecovirimat.

Tecovirimat inhibits the VP37P-based formation of the envelope surrounding OPVs,
including MpoxV. The formation of this envelope is crucial for the virus to escape the cell
and infect other cells. Accordingly, tecovirimat prevents the OPV/MpoxV from spreading
to other cells in the body (Figure 2) [3,19,27]. It is pertinent to know that tecovirimat does
not stop the production of matured viruses within the infected cells and does not prevent
DNA/protein synthesis. Still, it stops the propagation of the virus within a host that already
has it, as well as the virus’s ability to infect other hosts [3,19,21]. Tecovirimat is approved by
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the European Medicine Agency (EMA), the United States Food and Drug Administration
(USFDA), and Health Canada for the treatment of different OPV infections [28–30]. It
is important to mention that human OPV-based clinical trials (CTs) are neither possible
nor ethical. The effectiveness of tecovirimat has been confirmed in diseased rabbits and
non-human primates following the Animal Rule set forth by the USFDA [31]. Tecovirimat’s
important in vitro and in vivo activity data are available in the literature [3]. The important
information on the approved tecovirimat (TPOXX) is provided in Table 4.

Table 4. Important information on marketed tecovirimat [3,30,32,33].

Parameter Summary

Innovator Siga Technologies Inc. (United States)

Chemistry

Marketed form: water-insoluble and
non-hygroscopic crystalline tecovirimat

monohydrate (C19H15F3N2O3·H2O); molecular
weight: 394.35; CAS registry number: 1162664-19-8;

BCS class: II

Approval date (Dosage forms)

USFDA: 13 July 2018 (capsule, 200 mg); 18 May
2022 (intravenous solution, 10 mg/mL); EMA:

6 January 2022 (capsule, 200 mg); Health Canada:
29 November 2021 (capsule, 200 mg)

Indications
USFDA: smallpox; EMA: Mpox, smallpox, cowpox,

and vaccinia virus infections; Health
Canada: smallpox

Pharmacokinetic parameters

Tmax (600 mg p.o.): 4–6 h; volume of distribution
(600 mg p.o.): 1030 L; major metabolites:
glucuronic acid conjugate; main route of

elimination: urine (73%); half-life (600 mg p.o.):
19 h; clearance (600 mg p.o.): 31 L/h; LD50
(mice/non-human primates): 2000 mg/kg

It was demonstrated that the dosage of tecovirimat that was 50% effective was less
than 0.04 µM [34]. If treatment with tecovirimat was started for up to eight days after a
potentially fatal MPXV exposure, it increased the number of patients who survived the
illness. Once given five days after the virus exposure, the medication was proven to help
protect against clinical illness and offer some degree of protection [35]. The patent literature
on tecovirimat is provided in our previous article [3]. Therefore, herein, we summarize
only a few important patents/patent applications of tecovirimat.

US11433051B2 claims a dry suspension of crystalline polymorphic form I of tecovirimat
and simethicone, which may further contain other pharmaceutically acceptable excipients
such as a suspending agent, lubricant, antifoaming agent, sweetener, and a flavoring
agent [36]. It also claims a method of treating OPV infections and eczema vaccinatum
utilizing a dry suspension of crystalline polymorphic form I of tecovirimat [36].

US8642577B2 claims a synergistic combination of cidofovir/brincidofovir and other
antiviral drugs such as tecovirimat for treating OPV infections, including Mpox, smallpox,
cowpox, mousepox, rabbitpox, and camelpox [37].

EP2202297B1 claims the use of an antiviral agent (tecovirimat, cidofovir, brincidofovir,
and imatinib) or a combination thereof in the preparation of a medicament for treating an
adverse side effect (pock formation, weight loss, fever, abdominal pain, aches or pains in
muscles, cough, diarrhea, and feeling of discomfort or illness) associated with the oncolytic
pox virus (vaccinia virus) therapy of cancer (metastatic cancer and a solid tumor) [38].

CN115141136A claims a co-crystal comprising tecovirimat and a co-crystal ligand
(p-hydroxybenzoic acid, benzoic acid, isonicotine, nicotinamide, acetamide, benzamide,
piperazine, or monoethanolamine), wherein the molar ratio of tecovirimat co-crystal ligand
is 1:0.5–5. It also claims a pharmaceutical composition of the claimed co-crystal with a
pharmaceutically acceptable carrier/excipient or vaccine for treating OPV infections [39].
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3.2. NIOCH-14

NIOCH-14, a water-insoluble tricyclo-dicarboxylic acid derivative, is a prodrug of
tecovirimat. NIOCH-14 is cyclized in the human body to provide tecovirimat as the active
metabolite (Figure 4) [40].

Figure 4. Metabolism of NIOCH-14.

NIOCH-14 was first disclosed in 2009 as an anti-OPV drug and received patent
certification in 2011 in Russia as RU2412160C1 [41]. RU2412160C1 mentions anti-OPV data
of NIOCH-14. However, the authors did not properly understand the English translation
of this Russian patent. Another published article provides important comparative in vitro
anti-OPV activity data for NIOCH-14, tecovirimat, and NIOCH-32 (Figure 5), which are
summarized in Table 5 [42].

Figure 5. Chemical structure of NIOCH-32.

Table 5. In vitro anti-OPV data of NIOCH-14 [42].

Compound
50% Toxicity

Concentration
(µg/mL)

IC50 in µg/mL

Therapeutic
IndicesV79-1-005 Strain

of Mpox

Butler, Congo-9, and
India-3a Strains of

Variola Virus

Ectromelia
Virus Strain K-1

NIOCH-14 >100 0.013 0.001–0.004 0.011 >100,000
Tecovirimat >100 0.003 0.001–0.004 0.003 >100,000
NIOCH-32 >100 0.153 0.032–0.078 0.54 >3100

A comparative study of NIOCH-14 with tecovirimat in mice lungs infected with
MpoxV (V79-1-005) showed positive and similar efficacies after seven days (oral dose
30 µg/g and 60 µg/g of mouse weight) [43]. The activity of NIOCH-14 was slightly better
than tecovirimat. Similar observations were reported in another study [42]. Additional
comparative study of NIOCH-14 with tecovirimat in mice lungs infected with variola virus
(strain India-3a) revealed that both drugs lowered the variola virus concentration to a
similar extent in lungs after four days of the treatment (oral 50 µg/g) [44]. NIOCH-14 also
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displayed a better bioavailability of 22.8% than tecovirimat (12.1%) in a mice model (single
dose of 50 µg/g) [45]. Similarly, in a recent study, the efficiency of NIOCH-14 towards OPV,
except for the variola virus, was reported to be safe and bioavailable at a dose of 5 g/kg in
experimental animals [46].

The LCMS-based therapeutic drug monitoring clinical study data of protocol number
NIOCH-01/20 have been published [40]. NIOCH-14 metabolizes quickly in blood to its
primary metabolite (tecovirimat). Therefore, the pharmacokinetic parameters of NIOCH-14
(single oral dose = 600 mg) were assessed based on the concentration of tecovirimat in the
blood (Table 6). It has been stated that a 600 mg dose of NIOCH-14 is equivalent to 250 mg
tecovirimat [40].

Table 6. Pharmacokinetic parameters of NIOCH-14 and tecovirimat [46].

Parameters

NIOCH-14 Tecovirimat

IV
(2 µg/g)

Oral
(50 µg/g)

IV
(2 µg/g)

Oral
(50 µg/g)

Half-life (T1/2, hours) 2.3 5.7 2.0 3.4
Time of maximum

concentration
(Tmax, hours)

0.25 6 0.25 3

Maximum measured
concentration

(Cmax, ng/mL)
9515 ± 3903 15,439 ± 3373 13,200 ± 4287 15,495 ± 3227

Area under the curve
(AUC0-t, ng/(mL/h)) 24,918 141,883 34,254 103,661

Area under the curve
(AUC0-inf, ng/(mL/h)) 25,038 142,220 34,318 105,405

Absolute bioavailability
(%) - 22.8 - 12.1

According to the World Health Organization’s report, NIOCH-14 has a similar mecha-
nism of action to tecovirimat (VP37PI); NIOCH-14 has passed the clinical phase I trial in
Russia (oral capsule 200 mg; 90 participants of 18 to 50 years; protocol number NIOCH-
01/20); the clinical phase II/III may finish by 2023–2024, and NIOCH-14 may receive
marketing authorization by 2023–2024 [47].

The patent literature search provided many NIOCH-14-based granted patents in
Russia. These Russian patents are summarized below.

RU2543338C1 claims the therapeutic and prophylactic use of NIOCH-14 (once daily
over a dose range of 4 to 60 mg/kg of mammal body weight for four days) to treat
smallpox [48]. The description of RU2543338C1 confirms the antiviral activity of NIOCH-
14 in variola virus-infected mice. It also confirms the antiviral activity of NIOCH-14 against
surrogate OPVs (vaccinia virus, cowpox, and ectromelia) and a synergistic effect with
tecovirimat [48].

RU2716709C1 claims a capsule dosage from the treatment and prevention of diseases
caused by OPVs, wherein the capsule contains NIOCH-14 (180–220 mg), lactose monohy-
drate, silicon dioxide, magnesium stearate, and microcrystalline cellulose (MCC) [49]. It is
imperative to note that the clinical trial NIOCH-14 has been completed in capsule dosage
form [47].

RU2542490C1 claims the use of NIOCH-14 for stopping unwanted post-vaccination
reactions and complications of smallpox vaccines, wherein oral NIOCH-14 (3.3–50 mg/kg)
is administered as a single dose for three days starting from the day of vaccination [50].

3.3. N1-Isonicotinoyl-N2-3-methyl-4-chlorobenzoylhydrazine (IMCBH)

IMCBH, an isonicotinohydrazide derivative, inhibits the F13L gene/VP37P of OPVs
and prevents the secondary envelopment and extracellular enveloped virion formation of
OPVs similar to tecovirimat [19,21] (Figure 6).
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Figure 6. Chemical structure of IMCBH.

IMCBH’s selective vaccinia virus multiplication blocking property and virus release
inhibitory effects (3 µg/mL) were reported in 1969. However, IMCBH did not inhibit the
intracellular formation of the vaccinia virus [21,51]. These findings were further confirmed
in 1979 and 1981 [52,53]. Another study published in 1991 indicated that IMCBH produces
its antiviral effect by inhibiting the 37K protein encoded by the F13L gene, and a mutation
of the 37K envelope protein of the vaccinia virus imparts drug resistance to IMCBH [54].
Interestingly, IMCBH was found to be active in vitro studies, but it did not demonstrate
protection in mice and rabbits [21,51].

Our patent search provided a few IMCBH-based inventions. US8642577B2 claims
a synergistic combination of cidofovir/brincidofovir and other antiviral drugs such as
IMCBH for treating OPV infections, including Mpox, smallpox, cowpox, mousepox, rab-
bitpox, and camelpox [37]. This patent does not provide the experimental details of the
combination of cidofovir/brincidofovir and IMCBH [37]. WO2013165898A2 claims 1,8-
naphthyridine derivatives as inhibitors of the resolvase enzyme of OPV, which can be
combined with IMCBH and other anti-OPV agents to treat OPV infectious diseases [55].

4. Discussion

OPV-based infections such as smallpox have been recognized as a possible source of a
bioterrorism attack. Accordingly, the USFDA planned strategies to develop drugs for OPV-
induced infections [3]. Mpox is an OPV-induced infection that has threatened humankind
worldwide since mid-2022 [10]. OPVs share almost similar genomic structures. Therefore,
the drugs and vaccines developed for smallpox can also be effective for Mpox [19,21]. The
current possible treatments for Mpox are mentioned in Table 2.

Mpox infection was linked with abnormal Mpox-related genes (MpoxRGs) expression,
which significantly correlated with tumor immunology and the drug response pathway
when activated [56]. This MpoxRGs was found to be expressed differently in varieties of
tumor cells and was also used as prognostic markers in tumors [57]. MpoxRGs tend to
be elevated in tumors and express themselves differently depending on the category and
grade of the tumor. Mpox might be capable of influencing carcinogenesis, according to a
survival analysis that revealed that a high MpoxRG score was often strongly related to a bad
tumor prognosis [57]. Similarly, a genetic study showed that MpoxRG copy quantity and
single nucleotide variants were related to tumor longevity [56]. MpoxRG alterations were
significantly correlated with survival, indicating that tumor prognostic may be impacted
by polymorphisms [57].

Many drug targets or developing anti-OPV infections have been identified (Table 3) [10].
Among these drug targets, OPV-specific VP37P (encoded by F13L gene/protein) is an es-
tablished drug target for developing drugs for OPV-based infections, including Mpox. One
VP37PI (tecovirimat) has already been approved in Europe to treat Mpox, while another
drug, NIOCH-14, is under clinical trial.

Tecovirimat and NIOCH-14 have similar chemical structures and mechanisms of
action (Figure 3). A recent publication has spotlighted the importance of adamantane
derivatives for discovering the inhibitors of VP37P [58]. The authors opine that develop-
ing the adamantane-based hybrid molecules of tecovirimat/NIOCH-14 may also possess
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activity against VP37P. Some adamantane-based chemotherapeutic agents (amantadine, ri-
mantadine, tromantadine, adaphostine, adarotene, opaganib, and SQ109) are reported [59].
The development of tecovirimat/NIOCH-14-based hybrid molecules with these chemother-
apeutic agents looks fruitful and can be explored to obtain a new VP37PI.

Natural products are a good source of identifying lead compounds and developing
new drugs [60]. Many natural remedies have been suggested to display activity against
Mpox, including Acacia nilotica, Adansonia digitata, Aframomum melegueta, Allium sativum,
Anogeissus leiocarpus, Azadirachta indica, Balanites aegyptiaca, Boscia senegalensis, Calotropis
procera, Carica papaya, Cassia singueana, Citrullus lanatus, Cucurbita maxima, Diospyros mespili-
formis, Ficus platyphylla, Ficus polita, Guiera senegalensis, Lawsonia inermis, Mangifera indica,
Maytenus senegalensis, Moringa oleifera, Nigella sativa, Olea europea, Piper guineense, Sterculia
setigera, and Momordica charantia [61]. However, only a few experimental studies have been
carried out on anti-Mpox activity and the mechanism of action of the phytoconstituents of
these plants. A molecular docking-based study on the phytoconstituents of these plants to
identify VP37PIs may provide lead compounds for Mpox.

Virus mutation causes drug resistance and necessitates discovering new therapeu-
tic agents and treatments. Mutations in the F13L, D13L gene, and VP37P have been
recognized [3,19,21,62] with the emergence of viral resistance to rifampin, a drug that
interacts with D13L previously employed for the treatment of OPV infection [62]. The
mutation to the D13L of the glycoprotein-27 interferes with the bond between the D13L and
previously effective drugs such as simeprevir and rifampin, leading to the development
of resistance due to the loss of the persistent peptide bond. This resistance affects both
clades of the MpoxV as the drug targets are the same for both clades. Therefore, there is a
need for an effective synthetic or repurposed drug, as the current Mpox treatments may
become less effective against such mutants. When dealing with patients not responding to
tecovirimat, the danger of resistance must be considered [20]. Therefore, the availability
and range of potent anti-Orthopoxvirus medicines and a synergistic drug combination
reduce the development of drug resistance and can also shorten the therapy duration [10].

The replication cycle of an OPV involves various steps (Figure 2). The inhibitors of the
different stages of the replication cycle of OPVs have been reported [10,19,21]. Tecovirimat
and NIOCH-14 are VP37PIs. A combination of tecovirimat/NIOCH-14 and the drugs
affecting the various stages of the replication cycle of OPVs, including DNA ligase inhibitor
(mitoxantrone), topoisomerase inhibitors (ofloxacin, enrofloxacin, and novobiocin), DNA
polymerase inhibitors (cidofovir and brincidofovir), Tyr/ser protein phosphatase inhibitor
(ethacrynic acid), late-transcription elongation factor inhibitor (methisazone), early viral
transcription inhibitors (adenosine N1-oxide and nigericin), egress inhibitors (terameprocol
and imatinib), and rifampicin may produce better therapeutic outcomes for Mpox treatment.
Idoxuridine, trifluridine, vidarabine, fialuridine, and adefovir have also displayed anti-OPV
activity. The combination of these drugs can also be assessed with tecovirimat and NIOCH-
14. The assessment of the synergistic effects of some common anti-Mpox natural remedies
(garlic, Nigella sativa oil, moringa oil, and olive oil) and immunity boosters (vitamin C, zinc,
thymoquinone, quercetin, ginseng, etc.) is also recommended [61]. However, attention must
also be paid to drug–drug interactions (chemical and pharmacological) while developing
new combinations of existing VP37PIs with other drugs.

Drug repurposing is an effective strategy to develop essential medicine quicker than
the conventional drug discovery process [63]. The F13L gene encodes VP37P. A study
has demonstrated similar interaction of fludarabine (an established DNA-dependent RNA
polymerase inhibitor as an anticancer drug) and tecovirimat with F13L protein, suggesting
the possible use of fludarabine for Mpox [64]. Fludarabine is a purine analog. Many
other purine analogs in clinical practice have a structure similar to fludarabine, such as
clofarabine, cladribine, and nelarabine [65,66]. These drugs may be assessed for their
VP37/F13L protein inhibitory activity.

The cessation of the smallpox vaccination is one of the reasons for the spread of
Mpox. The smallpox vaccination has shown protection against Mpox. However, the
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smallpox vaccine has certain side effects. A patent claiming NIOCH-14 (a VP37PI) to
prevent the side effects of the smallpox vaccine has been published in Russia [50]. Similarly,
comments have been made on tecovirimat [67]. This indicates that VP37 may also be
useful to cease or reduce the side effects of smallpox vaccines. However, drug–vaccine
interactions need further investigation to establish the safe and effective combined use of
tecovirimat/NIOCH-14 among different patient populations (pediatric, geriatric, pregnant
women, immune-compromised patients, etc.).

There is a shortage in the discovery and development of VP37PIs. This shortcoming
makes developing VP37PIs an interesting area for further research to develop anti-OPV
agents, including anti-Mpox therapeutics. However, it would be interesting and challenging
to develop an ideal VP37PI concerning its specificity, safety, efficacy, potency, tolerability,
chemical stability, oral bioavailability, and patient-compliant dosage forms/dosing regimen
that does not require medical supervision and has no interaction with the vaccine.

5. Conclusions

The OPV-specific VP37 protein (VP37P) is an important target for developing drugs
against OPV-based infections, including Mpox. However, very little work has been carried
out on developing VP37 protein inhibitors (VP37PIs). This aspect increases the scope of
further research in developing VP37PIs. Developing tecovirimat/NIOCH-14-based hybrid
molecules with the existing clinically used DNA polymerase inhibitors may provide new
chemical templates with a dual mechanism of action. Drug repurposing seems to be a good
strategy for identifying clinically useful VP37PIs. Developing new combination therapies
of the existing VP37PIs (tecovirimat and NIOCH-14) also appears promising to fight against
Mpox and other OPV infections.

Author Contributions: Conceptualization, A.S.A., S.A.H. and M.I.; methodology, A.S.A., S.A.H.,
A.A.Q. and M.I.; software, M.I.; validation, A.S.A., S.A.H., A.A.Q. and M.I.; formal analysis, A.S.A.,
S.A.H., A.A.Q. and M.I.; investigation, A.S.A., S.A.H. and M.I.; resources, A.S.A.; writing—original
draft preparation, A.S.A., S.A.H., A.A.Q. and M.I.; writing—review and editing, A.S.A., S.A.H. and
M.I.; visualization, S.A.H. and M.I.; supervision, A.S.A.; project administration, A.S.A.; funding
acquisition, A.S.A., S.A.H. and M.I. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data provided in this manuscript is available in the cited references.

Acknowledgments: The authors are thankful to their respective institutes for providing support for
this article.

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

References
1. Available online: https://www.who.int/health-topics/monkeypox#tab=tab_1 (accessed on 25 January 2023).
2. Foster, S.O.; Brink, E.W.; Hutchins, D.L.; Pifer, J.M.; Lourie, B.; Moser, C.R.; Cummings, E.C.; Kuteyi, O.E.; Eke, R.E.; Titus, J.B.; et al.

Human monkeypox. Bull. World Health Organ. 1972, 46, 569–576. [PubMed]
3. Almehmadi, M.; Allahyani, M.; Alsaiari, A.A.; Alshammari, M.K.; Alharbi, A.S.; Hussain, K.H.; Alsubaihi, L.I.; Kamal, M.;

Alotaibi, S.S.; Alotaibi, A.N.; et al. A Glance at the Development and Patent Literature of Tecovirimat: The First-in-Class Therapy
for Emerging Monkeypox Outbreak. Viruses 2022, 14, 1870. [CrossRef] [PubMed]

4. Venkatesan, P. Monkeypox transmission-what we know so far. Lancet Respir. Med. 2022, 10, e101. [CrossRef] [PubMed]
5. Thakur, M.; Das, P.; Sobti, R.C.; Kaur, T. Human monkeypox: Epidemiology, transmission, pathogenesis, immunology, diagnosis,

and therapeutics. Mol. Cell. Biochem. 2023, 1–14. [CrossRef]
6. de la Calle-Prieto, F.; Estébanez Muñoz, M.; Ramírez, G.; Díaz-Menéndez, M.; Velasco, M.; Azkune Galparsoro, H.; Salavert Lletí,

M.; Mata Forte, T.; Blanco, J.L.; Mora-Rillo, M.; et al. Treatment and prevention of monkeypox. Enferm. Infecc. Microbiol. Clin.
(Engl. Ed.) 2023. [CrossRef]

https://www.who.int/health-topics/monkeypox#tab=tab_1
http://www.ncbi.nlm.nih.gov/pubmed/4340216
http://doi.org/10.3390/v14091870
http://www.ncbi.nlm.nih.gov/pubmed/36146675
http://doi.org/10.1016/S2213-2600(22)00386-1
http://www.ncbi.nlm.nih.gov/pubmed/36155671
http://doi.org/10.1007/s11010-022-04657-0
http://doi.org/10.1016/j.eimce.2022.12.010


Biomedicines 2023, 11, 1106 12 of 14

7. Saied, A.A.; Dhawan, M.; Metwally, A.A.; Fahrni, M.L.; Choudhary, P.; Choudhary, O.P. Disease History, Pathogenesis, Diagnostics,
and Therapeutics for Human Monkeypox Disease: A Comprehensive Review. Vaccines 2022, 10, 2091. [CrossRef]

8. Cabanillas, B.; Murdaca, G.; Guemari, A.; Torres, M.J.; Azkur, A.K.; Aksoy, E.; Vitte, J.; de Las Vecillas, L.; Giovannini, M.;
Fernández-Santamaria, R.; et al. A compilation answering 50 questions on Monkeypox virus and the current Monkeypox
outbreak. Allergy 2023, 78, 639–662. [CrossRef]

9. Available online: https://worldhealthorg.shinyapps.io/mpx_global/#2_Global_situation_update (accessed on 25 January 2023).
10. Rabaan, A.A.; Abas, A.H.; Tallei, T.E.; Al-Zaher, M.A.; Al-Sheef, N.M.; Fatimawali; Al-Nass, E.Z.; Al-Ebrahim, E.A.; Effendi, Y.;

Idroes, R.; et al. Monkeypox outbreak 2022: What we know so far and its potential drug targets and management strategies. J.
Med. Virol. 2023, 95, e28306. [CrossRef]

11. Yang, Z. Monkeypox: A potential global threat? J. Med. Virol. 2022, 94, 4034–4036. [CrossRef]
12. Frenois-Veyrat, G.; Gallardo, F.; Gorgé, O.; Marcheteau, E.; Ferraris, O.; Baidaliuk, A.; Favier, A.L.; Enfroy, C.; Holy, X.;

Lourenco, J.; et al. Tecovirimat is effective against human monkeypox virus in vitro at nanomolar concentrations. Nat. Microbiol.
2022, 7, 1951–1955. [CrossRef]

13. Available online: https://www.cdc.gov/poxvirus/monkeypox/clinicians/treatment.html (accessed on 25 January 2023).
14. Imran, M.; Alshammari, M.K.; Arora, M.K.; Dubey, A.K.; Das, S.S.; Kamal, M.; Alqahtani, A.S.A.; Sahloly, M.A.Y.; Alshammari,

A.H.; Alhomam, H.M.; et al. Oral Brincidofovir Therapy for Monkeypox Outbreak: A Focused Review on the Therapeutic
Potential, Clinical Studies, Patent Literature, and Prospects. Biomedicines 2023, 11, 278. [CrossRef]

15. Thet, A.K.; Kelly, P.J.; Kasule, S.N.; Shah, A.K.; Chawala, A.; Latif, A.; Chilimuri, S.S.; Zeana, C.B. The use of vaccinia immune
globulin in the treatment of severe mpox virus infection in HIV/AIDS. Clin. Infect. Dis. 2022, ciac971. [CrossRef]

16. Sudarmaji, N.; Kifli, N.; Hermansyah, A.; Yeoh, S.F.; Goh, B.H.; Ming, L.C. Prevention and Treatment of Monkeypox: A Systematic
Review of Preclinical Studies. Viruses 2022, 14, 2496. [CrossRef] [PubMed]

17. Abdelaal, A.; Reda, A.; Lashin, B.I.; Katamesh, B.E.; Brakat, A.M.; Al-Manaseer, B.M.; Kaur, S.; Asija, A.; Patel, N.K.;
Basnyat, 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] [PubMed]

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

19. Prichard, M.N.; Kern, E.R. Orthopoxvirus targets for the development of new antiviral agents. Antivir. Res. 2012, 94, 111–125.
[CrossRef] [PubMed]

20. Khani, E.; Afsharirad, B.; Entezari-Maleki, T. Monkeypox treatment: Current evidence and future perspectives. J. Med. Virol. 2023,
95, e28229. [CrossRef]

21. Prichard, M.N.; Kern, E.R. Orthopoxvirus targets for the development of antiviral therapies. Curr. Drug Targets Infect. Disord.
2005, 5, 17–28. [CrossRef]

22. Shchelkunov, S.N.; Totmenin, A.V.; Safronov, P.F.; Mikheev, M.V.; Gutorov, V.V.; Ryazankina, O.I.; Petrov, N.A.; Babkin, I.V.;
Uvarova, E.A.; Sandakhchiev, L.S.; et al. Analysis of the monkeypox virus genome. Virology 2002, 297, 172–194. [CrossRef]

23. Chen, Y.; Honeychurch, K.M.; Yang, G.; Byrd, C.M.; Harver, C.; Hruby, D.E.; Jordan, R. Vaccinia virus p37 interacts with host
proteins associated with LE-derived transport vesicle biogenesis. Virol. J. 2009, 6, 44. [CrossRef]

24. Jordan, R.; Leeds, J.M.; Tyavanagimatt, S.; Hruby, D.E. Development of ST-246® for Treatment of Poxvirus Infections. Viruses
2010, 2, 2409–2435. [CrossRef]

25. Somsoros, W.; Sangawa, T.; Takebe, K.; Attarataya, J.; Wongprasert, K.; Senapin, S.; Rattanarojpong, T.; Suzuki, M.; Khunrae, P.
Crystal structure of the C-terminal domain of envelope protein VP37 from white spot syndrome virus reveals sulphate binding
sites responsible for heparin binding. J. Gen. Virol. 2021, 102, 001611. [CrossRef]

26. Jordan, R.; Bailey, T.R.; Rippin, S.R. Compounds, Compositions and Methods for Treatment and Prevention of Orthopoxvirus
Infections and Associated Diseases. PCT Patent Application Publication Number WO2004112718A2, 29 December 2004.

27. Available online: https://www.siga.com/wp-content/uploads/2022/06/TPOXXFactSheet_2022.pdf (accessed on 25 January 2023).
28. Available online: https://www.ema.europa.eu/en/medicines/human/EPAR/tecovirimat-siga (accessed on 25 January 2023).
29. Available online: https://www.accessdata.fda.gov/scripts/cder/ob/index.cfm (accessed on 25 January 2023).
30. Available online: https://pdf.hres.ca/dpd_pm/00063782.PDF (accessed on 25 January 2023).
31. Available online: https://www.accessdata.fda.gov/drugsatfda_docs/nda/2018/208627Orig1s000ChemR.pdf (accessed on 25

January 2023).
32. Available online: https://www.accessdata.fda.gov/drugsatfda_docs/label/2022/214518s000lbl.pdf (accessed on 25 January 2023).
33. Available online: https://www.ema.europa.eu/en/documents/product-information/tecovirimat-siga-epar-product-

information_en.pdf (accessed on 25 January 2023).
34. Smith, S.K.; Olson, V.A.; Karem, K.L.; Jordan, R.; Hruby, D.E.; Damon, I.K. In vitro efficacy of ST246 against smallpox and

monkeypox. Antimicrob. Agents Chemother. 2009, 53, 1007–1012. [CrossRef]
35. Russo, A.T.; Berhanu, A.; Bigger, C.B.; Prigge, J.; Silvera, P.M.; Grosenbach, D.W.; Hruby, D. Co-administration of tecovirimat and

ACAM2000™ in non-human primates: Effect of tecovirimat treatment on ACAM2000 immunogenicity and efficacy versus lethal
monkeypox virus challenge. Vaccine 2020, 38, 644–654. [CrossRef]

36. Tyavanagimatt, S.R.; Holt, K.; Tan, Y.; Anderson, M.A.C.L.S.; Hruby, D.E. ST-246 (Tecovirimat Monohydrate) Suspension
Formulations. U.S. Patent Number US11433051B2, 6 September 2022.

http://doi.org/10.3390/vaccines10122091
http://doi.org/10.1111/all.15633
https://worldhealthorg.shinyapps.io/mpx_global/#2_Global_situation_update
http://doi.org/10.1002/jmv.28306
http://doi.org/10.1002/jmv.27884
http://doi.org/10.1038/s41564-022-01269-8
https://www.cdc.gov/poxvirus/monkeypox/clinicians/treatment.html
http://doi.org/10.3390/biomedicines11020278
http://doi.org/10.1093/cid/ciac971
http://doi.org/10.3390/v14112496
http://www.ncbi.nlm.nih.gov/pubmed/36423105
http://doi.org/10.3390/vaccines10091419
http://www.ncbi.nlm.nih.gov/pubmed/36146497
http://doi.org/10.3390/vaccines10081342
http://www.ncbi.nlm.nih.gov/pubmed/36016230
http://doi.org/10.1016/j.antiviral.2012.02.012
http://www.ncbi.nlm.nih.gov/pubmed/22406470
http://doi.org/10.1002/jmv.28229
http://doi.org/10.2174/1568005053174627
http://doi.org/10.1006/viro.2002.1446
http://doi.org/10.1186/1743-422X-6-44
http://doi.org/10.3390/v2112409
http://doi.org/10.1099/jgv.0.001611
https://www.siga.com/wp-content/uploads/2022/06/TPOXXFactSheet_2022.pdf
https://www.ema.europa.eu/en/medicines/human/EPAR/tecovirimat-siga
https://www.accessdata.fda.gov/scripts/cder/ob/index.cfm
https://pdf.hres.ca/dpd_pm/00063782.PDF
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2018/208627Orig1s000ChemR.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2022/214518s000lbl.pdf
https://www.ema.europa.eu/en/documents/product-information/tecovirimat-siga-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/tecovirimat-siga-epar-product-information_en.pdf
http://doi.org/10.1128/AAC.01044-08
http://doi.org/10.1016/j.vaccine.2019.10.049


Biomedicines 2023, 11, 1106 13 of 14

37. Almond, M.R.; Painter, G.R. Compounds, Compositions and Methods for the Treatment of Poxvirus Infections. U.S. Patent
Number US8642577B2, 4 February 2014.

38. Szalay, A.A.; Chen, N.; Yu, Y.A. Use of a Chemotherapeutic Agent in the Preparation of a Medicament for Treating or Ameliorating
an Adverse Side Effect Associated with Oncolytic Viral Therapy. European Patent Number EP2202297B1, 14 May 2014.

39. Zhong, W.; Yang, M.; Gao, C.; Feng, Y.; Gong, W.; Wang, Y.; Li, Z.; Yang, Y. Eutectic Crystal of Tecovirimat and Preparation
Method Thereof. Chinese Patent Application Publication Number CN115141136A, 4 October 2022.

40. Oleinik, G.A.; Koval, V.V.; Usova, S.V.; Shishkina, L.N.; Chernonosov, A.A. Development and Validation of a Method of Liquid
Chromatography Coupled with Tandem Mass Spectrometry for Quantification of ST-246 (Tecovirimat) in Human Plasma.
Molecules 2022, 27, 3577. [CrossRef]

41. Jakovlevich, B.E.F.; Bormotov, N.I.; Balakhnin, S.M.; Serova, O.G.A.; Svjatchenko, V.A.; Kiselev, N.N.; Kazachinskaja, E.I.;
Loktev, V.B.; Drozdov, I.J.G.; Stavskij, E.A. 7-[N’-(4-trifluoromethylbenzolyl)-hydrazinocarbonyl]-tricyclo[3.2.2.02,4]non-8-ene-6-
carboxylic acid, Having Antiviral Activity. Russian Patent Number RU2412160C1, 20 February 2011.

42. Mazurkov, O.Y.; Kabanov, A.S.; Shishkina, L.N.; Sergeev, A.A.; Skarnovich, M.O.; Bormotov, N.I.; Skarnovich, M.A.; Ovchinnikova,
A.S.; Titova, K.A.; Galahova, D.O.; et al. New effective chemically synthesized anti-smallpox compound NIOCH-14. J. Gen. Virol.
2016, 97, 1229–1239. [CrossRef]

43. Sergeev, A.A.; Kabanov, A.S.; Bulychev, L.E.; Sergeev, A.A.; Pyankov, O.V.; Bodnev, S.A.; Galahova, D.O.; Zamedyanskaya, A.S.;
Titova, K.A.; Glotov, A.G.; et al. The Possibility of Using the ICR Mouse as an Animal Model to Assess Antimonkeypox Drug
Efficacy. Transbound. Emerg. Dis. 2016, 63, e419–e430. [CrossRef] [PubMed]

44. Titova, K.A.; Sergeev, A.A.; Zamedyanskaya, A.S.; Galahova, D.O.; Kabanov, A.S.; Morozova, A.A.; Bulychev, L.E.; Sergeev, A.A.;
Glotova, T.I.; Shishkina, L.N.; et al. Using ICR and SCID mice as animal models for smallpox to assess antiviral drug efficacy. J.
Gen. Virol. 2015, 96, 2832–2843. [CrossRef] [PubMed]

45. Mazurkov, O.Y.; Shishkina, L.N.; Bormotov, N.I.; Skarnovich, M.O.; Serova, O.A.; Mazurkova, N.A.; Chernonosov, A.A.;
Tikhonov, A.Y.; Selivanov, B.A. Estimation of Absolute Bioavailability of the Chemical Substance of the Anti-Smallpox Preparation
NIOCH-14 in Mice. Bull. Exp. Biol. Med. 2020, 170, 207–210. [CrossRef] [PubMed]

46. Shishkina, L.N.; Mazurkov, O.Y.; Bormotov, N.I.; Skarnovich, M.O.; Serova, O.A.; Mazurkova, N.A.; Skarnovich, M.A.; Cher-
nonosov, A.A.; Selivanov, B.A.; Tikhonov, A.Y.; et al. Safety and Pharmacokinetics of the Substance of the Anti-Smallpox Drug
NIOCH-14 after Oral Administration to Laboratory Animals. Viruses 2023, 15, 205. [CrossRef] [PubMed]

47. Available online: https://www.who.int/publications/i/item/9789240046740 (accessed on 25 January 2023).
48. Shishkina, L.N.; Sergeev, A.N.; Agafonov, A.P.; Sergeev, A.A.; Kabanov, A.S.; Bulychev, L.E.; Sergeev, A.A.; Gorbatovskaja, D.J.O.;

Jankov, O.V.; Bormotov, N.I.; et al. Medicated Product for Smallpox Virus and Method for Producing and Using it. Russian Patent
Number RU2543338C1, 27 February 2015.

49. Shishkina, L.N.; Sheremet, O.P.; Madonov, P.G.; Korchazhnikova, N.P.; Bormotov, N.I.; Skarnovich, M.O.; Selivanov, B.A.;
Sergeev, A.A.; Tikhonov, A.Y.; Karunin, V.N.; et al. Oral Dosage form of the Preparation in Capsules for Treating and Preventing
Orthopoxvirus-Related Diseases. Russian Patent Number RU2716709C1, 16 March 2020.

50. Gorbatovskaja, D.J.O.; Sergeev, A.A.; Shevtsova, E.V.E.; Titova, K.A.; Sergeev, A.A.; Zamedjanskaja, A.S.; Bulychev, L.E.; Shishkina,
L.N.; Sergeev, A.N.; Agafonov, A.P. Agent for Arresting Undesirable Vaccinal Reactions and Complications during Primary
Vaccination with Variolar Vaccines and Method for Use Thereof. Russian Patent Number RU2542490C1, 20 February 2015.

51. Kato, N.; Eggers, H.J.; Rolly, H. Inhibition of release of vaccinia virus by N1-isonicotinoly-N2-3-methyl-4-chlorobenzoylhydrazine.
J. Exp. Med. 1969, 129, 795–808. [CrossRef]

52. Payne, L.G.; Kristenson, K. Mechanism of vaccinia virus release and its specific inhibition by N1-isonicotinoyl-N2-3-methyl-4-
chlorobenzoylhydrazine. J. Virol. 1979, 32, 614–622. [CrossRef] [PubMed]

53. Hiller, G.; Eibl, H.; Weber, K. Characterization of intracellular and extracellular vaccinia virus variants: N1-isonicotinoyl-N2-
3-methyl-4-chlorobenzoylhydrazine interferes with cytoplasmic virus dissemination and release. J. Virol. 1981, 39, 903–913.
[CrossRef] [PubMed]

54. Schmutz, C.; Payne, L.G.; Gubser, J.; Wittek, R. A mutation in the gene encoding the vaccinia virus 37,000-M(r) protein confers
resistance to an inhibitor of virus envelopment and release. J. Virol. 1991, 65, 3435–3442. [CrossRef] [PubMed]

55. Bushman, F.D.; Hwang, Y.; Culyba, M. Compositions and Methods for Inhibiting Resolvases. PCT Patent Application Publication
Number WO2013165898A2, 7 November 2013.

56. Huang, X.; Long, X.; Liu, Y.; Chen, Z.; Xiang, X.; Mo, X.; Liu, J.; Tang, W. Monkeypox and cancer: A pan-cancer based multi-omics
analysis and single cell sequencing analysis. Res. Sq. 2022. [CrossRef]

57. Liao, Y.; Liu, Z.; Ye, W.; Huang, Z.; Wang, J. Exploring the Characteristics of Monkeypox-Related Genes in Pan-Cancer. Cells 2022,
11, 3909. [CrossRef]

58. Shiryaev, V.A.; Skomorohov, M.Y.; Leonova, M.V.; Bormotov, N.I.; Serova, O.A.; Shishkina, L.N.; Agafonov, A.P.; Maksyutov,
R.A.; Klimochkin, Y.N. Adamantane derivatives as potential inhibitors of p37 major envelope protein and poxvirus reproduction.
Design, synthesis and antiviral activity. Eur. J. Med. Chem. 2021, 221, 113485. [CrossRef]

59. Warda, E.T.; El-Ashmawy, M.B.; Habib, E.E.; Abdelbaky, M.S.M.; Garcia-Granda, S.; Thamotharan, S.; El-Emam, A.A. Synthesis
and in vitro antibacterial, antifungal, anti-proliferative activities of novel adamantane-containing thiazole compounds. Sci. Rep.
2022, 12, 21058. [CrossRef]

http://doi.org/10.3390/molecules27113577
http://doi.org/10.1099/jgv.0.000422
http://doi.org/10.1111/tbed.12323
http://www.ncbi.nlm.nih.gov/pubmed/25597343
http://doi.org/10.1099/vir.0.000216
http://www.ncbi.nlm.nih.gov/pubmed/26067292
http://doi.org/10.1007/s10517-020-05034-x
http://www.ncbi.nlm.nih.gov/pubmed/33263846
http://doi.org/10.3390/v15010205
http://www.ncbi.nlm.nih.gov/pubmed/36680245
https://www.who.int/publications/i/item/9789240046740
http://doi.org/10.1084/jem.129.4.795
http://doi.org/10.1128/jvi.32.2.614-622.1979
http://www.ncbi.nlm.nih.gov/pubmed/501802
http://doi.org/10.1128/jvi.39.3.903-913.1981
http://www.ncbi.nlm.nih.gov/pubmed/7288920
http://doi.org/10.1128/jvi.65.7.3435-3442.1991
http://www.ncbi.nlm.nih.gov/pubmed/2041074
http://doi.org/10.21203/rs.3.rs-2361702/v1
http://doi.org/10.3390/cells11233909
http://doi.org/10.1016/j.ejmech.2021.113485
http://doi.org/10.1038/s41598-022-25390-0


Biomedicines 2023, 11, 1106 14 of 14

60. Xu, Z.; Eichler, B.; Klausner, E.A.; Duffy-Matzner, J.; Zheng, W. Lead/Drug Discovery from Natural Resources. Molecules
2022, 27, 8280. [CrossRef]

61. Abubakar, I.B.; Kankara, S.S.; Malami, I.; Danjuma, J.B.; Muhammad, Y.Z.; Yahaya, H.; Singh, D.; Usman, U.J.; Ukwuani-Kwaja,
A.N.; Muhammad, A.; et al. Traditional medicinal plants used for treating emerging and re-emerging viral diseases in northern
Nigeria. Eur. J. Integr. Med. 2022, 49, 102094. [CrossRef]

62. Garriga, D.; Headey, S.; Accurso, C.; Gunzburg, M.; Scanlon, M.; Coulibaly, F. Structural basis for the inhibition of poxvirus
assembly by the antibiotic rifampicin. Proc. Natl. Acad. Sci. USA 2018, 115, 8424–8429. [CrossRef] [PubMed]

63. Li, X.; Peng, T. Strategy, Progress, and Challenges of Drug Repurposing for Efficient Antiviral Discovery. Front. Pharmacol. 2021,
12, 660710. [CrossRef] [PubMed]

64. Altayb, H.N. Fludarabine, a Potential DNA-Dependent RNA Polymerase Inhibitor, as a Prospective Drug against Monkeypox
Virus: A Computational Approach. Pharmaceuticals 2022, 15, 1129. [CrossRef]

65. Gandhi, V.; Plunkett, W. Clofarabine and nelarabine: Two new purine nucleoside analogs. Curr. Opin. Oncol. 2006, 18, 584–590.
[CrossRef] [PubMed]

66. Burke, M.P.; Borland, K.M.; Litosh, V.A. Base-Modified Nucleosides as Chemotherapeutic Agents: Past and Future. Curr. Top.
Med. Chem. 2016, 16, 1231–1241. [CrossRef] [PubMed]

67. Grosenbach, D.W.; Jordan, R.; Hruby, D.E. Development of the small-molecule antiviral ST-246 as a smallpox therapeutic. Future
Virol. 2011, 6, 653–671. [CrossRef] [PubMed]

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/10.3390/molecules27238280
http://doi.org/10.1016/j.eujim.2021.102094
http://doi.org/10.1073/pnas.1810398115
http://www.ncbi.nlm.nih.gov/pubmed/30068608
http://doi.org/10.3389/fphar.2021.660710
http://www.ncbi.nlm.nih.gov/pubmed/34017257
http://doi.org/10.3390/ph15091129
http://doi.org/10.1097/01.cco.0000245326.65152.af
http://www.ncbi.nlm.nih.gov/pubmed/16988579
http://doi.org/10.2174/1568026615666150915111933
http://www.ncbi.nlm.nih.gov/pubmed/26369814
http://doi.org/10.2217/fvl.11.27
http://www.ncbi.nlm.nih.gov/pubmed/21837250

	Introduction 
	Drug Targets and VP37 Protein (VP37P) 
	Marketed and Patented Drugs 
	Tecovirimat (TPOXX, ST-246, and SIGA-246) 
	NIOCH-14 
	N1-Isonicotinoyl-N2-3-methyl-4-chlorobenzoylhydrazine (IMCBH) 

	Discussion 
	Conclusions 
	References

