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Abstract

Background and aims: There is a sought for vaccines and antiviral agents as
countermeasures for the recent monkeypox outbreak. Here, we aimed to review and
discuss the repurposing potentials of smallpox vaccines and drugs in monkeypox
outbreaks based on their comparative benefits and risks. Therefore, we conducted
this rapid review and discussed the repurposing potentials of smallpox vaccines and
drugs in monkeypox infection.

Methods: Here, we searched Google Scholar and PubMed for relevant information
and data. We found many articles that have suggested the use of smallpox vaccines
and antiviral drugs in monkeypox outbreaks according to the study findings. We read
the relevant articles to extract information.

Results: According to the available documents, we found two replication-competent
and one replication-deficient vaccinia vaccines were effective against Orthopoxvirus.
However, the healthcare authorities have authorized second-generation live vaccina
virus vaccines against Orthopoxvirus in many countries. Smallpox vaccine is almost
85% effective in preventing monkeypox infection as monkeypox virus, variola virus,
and vaccinia virus are similar. The United States and Canada have approved a
replication-deficient third-generation smallpox vaccine for the prevention of
monkeypox infection. However, the widely used second-generation smallpox
vaccines contain a live virus and replicate it into the human cell. Therefore, there
is a chance to cause virus-induced complications among the vaccinated subjects. In
those circumstances, the available Orthopoxvirus inhibitors might be a good choice
for treating monkeypox infections as they showed similar efficacy in monkeypox
infection in different animal model clinical trials. Also, the combined use of antiviral
drugs and vaccinia immune globulin can enhance significant effectiveness in

immunocompromised subjects.
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1 | BACKGROUND

Monkeypox is spreading new worries around the world before the
end of the Covid-19 epidemic. Covid-19 was a new type of virus that
scientists had no idea about before the disease spread. Monkeypox is
not a new disease. The disease was first reported in 1958.% In 1970,
the first case of human monkeypox was reported in a central African
country named the Democratic Republic of the Congo.? Afterward,
monkeypox infections have been reported in several countries in
West and Central Africa.? However, the prevalence of the disease
outside Africa was not so high before May 2022. Since January 1,
2022 to June 15, 2022, a total of 2103 confirmed cases of
monkeypox and one death have been reported from 42 European,
American, and nonendemic countries.® Monkeypox virus is a poxvirus
that belongs to the Orthopoxvirus genus of the Poxviridae family.*
The initial symptoms of monkeypox infection include a high fever,
headache, backache, swollen lymph nodes, and chickenpox-like rash.*
Most monkeypox symptoms are mild and patients recover within
2-4 weeks. The case fatality historically varies from 3% to 6%
depending on the source of the monkeypox virus and the condition
of the patients.> Moreover, evidence-based proven therapeutic
intervention for monkeypox infection is still absent. However, there
are similarities between the monkeypox virus, variola virus (smallpox
virus), and vaccinia virus (a component of orthopoxvirus vaccines).
Therefore, smallpox vaccines and drugs are assumed to be effective
in monkeypox infection. Moreover, we have seen drug repurposing
and authorization for Covid-19 therapy.®” The healthcare authorities
in many countries have started to offer or stockpile smallpox vaccines
and drugs to control monkeypox outbreak. Here, we aimed to review
and discuss the repurposing potentials of smallpox vaccines and
drugs in monkeypox outbreaks based on their comparative benefits
and risks. To do this, we searched Google Scholar and PubMed for
relevant information for this rapid review. We found many articles
have suggested the use of smallpox vaccines and antiviral drugs in

monkeypox outbreak according to their study findings.

2 | SMALLPOX VACCINES

Scientists developed the smallpox vaccine as the first vaccine against
any transmissible diseases. Vaccinia viruses are used to make

smallpox vaccines that protect against smallpox disease. Smallpox

Conclusion: Repurposing of these smallpox vaccines and antiviral agents might be
weapons to fight monkeypox infection. Also, we recommend further investigations
of smallpox vaccines and Orthopoxvirus inhibitors in a human model study to explore

their exact role in human monkeypox infections.

antiviral agents, brincidofovir, cidofovir, drug repositioning, monkeypox, tecovirimat

and monkeypox vaccines are being deployed in some countries to
manage close contacts. However, vaccination precaution should be
taken for those who have severe immunodeficiency. Globally, a
massive vaccination drive was run by the World Health Organization
(WHO) to eradicate smallpox from 1958 to 1977. The WHO officially
stated a smallpox-free world on May 8, 1980.8 Therefore, a regular
smallpox vaccination campaign is no longer carried out among the
general population. However, there is a recommendation to vaccinate
specific population samples who are at a higher risk of occupational
contact with Orthopoxvirus.” The first-generation standard smallpox
vaccine (Dryvax) is no longer available to use. At present, replication-
competent and replication-deficient smallpox vaccines are available
to prevent the spreading of smallpox and monkeypox infections
(Table 1). The live vaccina virus vaccine (ACAM2000) and Aventis
Pasteur smallpox vaccine (APSV) are second-generation replication-
competent smallpox vaccines. The US FDA has approved the
Modified Vaccinia Ankara-Bavarian Nordic (MVA-BN) vaccine as a
third-generation smallpox vaccine for the prevention of smallpox and
monkeypox.1%12 Although complete protection was not throughout
the lifespan, vaccine-induced immunity showed peak efficacy during
the first 1-3years following immunization.®. When the vaccine is
administered before exposure occurred, the efficacy of the vaccine
was about 100% and considerable protection might have continued
for up to 15-20years.®13715 Vaccination against smallpox showed
efficacious even after exposure to smallpox in preventing and
ameliorating disease conditions. Data extracted from the eradication
period of smallpox indicate that vaccination to people after 3 days of
infection to the virus showed less efficacy, but it might decrease the
fatality rate.*®"*? However, people who recovered from naturally
acquired smallpox infection were found to have lifelong protection
against the smallpox virus.2®2° Recent data suggested that smallpox
vaccines are at least 85% effective to prevent monkeypox infec-
tion.2 Pregnant women and lactating mothers, Pediatric and
Geriatric Populations, People having known cardiovascular associ-
ated risk factors, and healthcare workers having previous smallpox
infection or at a higher risk for smallpox infection should get
vaccination with ACAM2000. Moreover, the above special group of
the population having atopic eczema, HIV infection, or other
associated health conditions should be grouped based on the relative
risks rather than on their special category.'® A brief review and
discussion of the therapeutic benefits and risks of each smallpox
vaccine in smallpox and monkeypox infection are presented below.
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2.1 | Replication-competent vaccinia virus
vaccines

ACAM2000 and APSV are examples of second-generation vaccines
and are called replication-competent vaccinia virus vaccines due to
their replication capacity in mammalian cells. The US FDA has
licensed ACAM2000 and authorized APSV for active vaccination
against smallpox disease in the population who are at a higher risk for
smallpox infection.'® As replication-competent vaccines contain live
vaccinia virus, it can replicate into the human cell that may cause
some adverse effects, lesions, and spreading. The vaccinia virus may
also cause rash, fever, headache, and body pain.*° The vaccinia virus-
associated complications can be severe among immunocompromised
individuals. People having severe immunodeficiency should avoid the
smallpox vaccination due to the increased risk for severe adverse
effects.'® Vaccinia virus can be spread from vaccinated people to
unvaccinated individuals who are in close contact with vaccinated
persons by replication-competent smallpox vaccine that contains
vaccinia virus. The risk of side effects in domestic contact with the
virus is expected to same as the recipient of the vaccine.'® Therefore,
special care should be provided to the vaccination area to prevent the

transmission of the virus.

2.1.1 | ACAM2000

ACAM2000 is a live vaccinia virus vaccine. African green monkey
kidney (Vero) cells are used to grow it and test to know the presence
of known adventitious agents.?* A single dose (~2.5 ) of the vaccine
is administered through the percutaneous route. The vaccine needs
to administer to the upper arm over the deltoid muscle of the
recipient.2? ACAM2000 showed immunogenic effect and efficacy
against monkeypox infection. An animal model viral replication study
showed no significant clinical signs attributable to monkeypox
infection among nonhuman primates.?®

The results suggest that the vaccination of humans with a highly
attenuated vaccinia virus vaccine (LC16m8) could induce long-term
protection against monkeypox infection.?* Another study suggests
that LC16m8 can prevent lethal monkeypox in monkeys, and it may
induce protective immunity against smallpox.2> An animal model
study showed that 2nd and 3rd-generation smallpox vaccines can
reduce severity and mortality rates due to monkeypox infection
among Prairie Dogs.?® Moreover, another study showed that the
severity of monkeypox infection was higher among the monkeys
vaccinated with the ACAM2000 and concomitantly treated with
tecovirimat as the antiviral drug affects the immunogenicity of
ACAM2000 if administered concomitantly.?”

The safety of ACAM2000 was evaluated based on the serious
adverse events defined by FDA such as lasting disability, hospitaliza-
tion rate, life-threatening illnesses or associated complications,
morbidity, and mortality rate. Myocarditis/pericarditis was consid-
ered the most common serious adverse event.'® Cardiac complica-

tions are linked to smallpox vaccination among the general

Open Access

population and military workforce during recent vaccination pro-
grams with replication-competent smallpox vaccine in the United
States.?®2? The safety study of ACAM2000 has not been done
adequately in people with HIV infections who are considered at
higher risk for serious vaccine complications.>° The safety study of
ACAM2000 has not been conducted on pregnant women.’® An
immunization study among 376 women with 1st generation smallpox
vaccine (Dryvax) has failed to explain the increased rates of
pregnancy loss, preterm labor, low birth weight, or congenital birth
defects.’1*2 The frequently reported side effects were injection site
pain, lymphadenitis, malaise, fatigue, headache, fever, and myalgia for
the smallpox vaccine.!® The rare and serious adverse events
associated with replication-competent smallpox vaccines are blind-
ness, eczema vaccinatum, encephalitis, encephalomyelitis, encepha-
lopathy, erythema multiforme major, fetal death, generalized vaccinia,
myocarditis, pericarditis, ocular complications, progressive vaccinia,

and severe vaccinal skin infections.®

2.1.2 | APSV

Another replication-competent vaccinia virus vaccine is known as
APSV. The efficacy and safety profile of APSV are anticipated to be
similar to ACAM2000. The APSV is produced from a vaccinia virus
seed derived from the New York City Board of Health (NYCBOH)
strain.?2 The live vaccinia virus is supplied with 50% glycerol, 0.4%
phenol, and 0.00017% Brilliant Green to formulate the vaccine. APSV
vaccine is more than 95% effective among the poxvirus-naive
population.® The safety profile of APSV and ACAM2000 is expected
to be similar. The chances of occurring severe adverse events due to
the smallpox vaccine from the NYCBOH strain of vaccinia virus is
lower, however, it can happen among the young individuals who
received 1st dose of the vaccine.®® Encephalitis, progressive vaccinia,
and eczema vaccinatum are the most common serious complications
due to vaccination.®® The risk of occurring myopericarditis due to
APSV was anticipated similar to ACAM2000. US FDA authorized
APSV as an investigational new drug (IND) or emergency use
authorization (EUA) for use on a case-by-case basis in situations

where ACAM2000 is unavailable or contraindicated.®*

2.2 | Replication-deficient smallpox vaccine
(MVA-BN)

MVA-BN is a highly attenuated 3rd generation live vaccinia virus
vaccine. MVA-BN is a replication-deficient vaccinia vaccine approved
to prevent smallpox and monkeypox infections.>>*® MVA-BN has
been approved for the prevention of monkeypox infection in the
United States and Canada. For people who are at a higher risk for
vaccination-associated complications involving systemic viral trans-
mission; replication-deficient vaccines were introduced for them. The
safety profile of the vaccine is expected to have favorable in humans

37-39

compared with replication-competent smallpox vaccines.
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MVA-BN can be given to healthy individuals and persons with
immune deficiencies, HIV infections, atopic dermatitis, or allergic
rhinitis. The vaccine is administered through a subcutaneous route.*®
A total of 0.5 ml of MVA-BN is administered in two doses at O- and
4-weeks intervals for the primary vaccine compared to ACAM2000.%°
A single 0.5ml shot is administered to people previously vaccinated
against smallpox. The visible cutaneous reaction is not produced following
the administration of MVA-BN doses.®

The effectiveness of MVA-BN against smallpox is still unproven due
to limited studies among human participants. However, several clinical
investigations evaluate the efficacy of MVA-BN to produce an immune
response.®’#* MVA-BN is a well-tolerated vaccine except for mild to
moderate pain at the site of injection.** Studies did not find any vaccine-
related serious adverse events and transient local reactogenicity was
more frequently seen at the higher dose of this highly attenuated
poxvirus vaccine.®® The doses of MVA-BN displayed a favorable safety
profile with local reactions as the most frequent side effect.>” A study
suggested that an increased variola neutralizing antibody response might
be produced due to subcutaneous administration of MVA-BN in
comparison with the standard 1st generation smallpox vaccine.*?
Generally, the safety profile of MVA-BN was found similar in subjects
with HIV infections compared to uninfected subjects. The safety profile
of MVA-BN has not been established among pregnant women by human
study. Studies did not report myopericarditis following the vaccination
with MVA-BN. The efficacy and safety of MVA-BN vaccines have been

investigated in persons aged over 18 years.

3 | ANTIVIRAL DRUGS

Smallpox vaccines may cause some serious and life-threatening
complications as they contain live attenuated vaccinia virus as a
component of the vaccine.**™> Therefore, antiviral drugs are
required as countermeasures for the intentional release of smallpox
(variola) and naturally occurring monkeypox infection.2*¢ Antiviral
countermeasures showed effectiveness in the infected people to
survive in the above circumstances. So far, we have now three
Orthopoxvirus inhibitors as a countermeasure for smallpox and
monkeypox infections (Table 2). The available authorized poxvirus
inhibitors are cidofovir, brincidofovir (CMX001), and tecovirimat
(ST-246). All these three antiviral drugs showed good efficacy against
Orthopoxvirus in animal models.>® However, their effectiveness in
immunocompromised subjects is limited since severe infections
occurred due to Orthopoxvirus in immunodeficient humans and
animals.**>? In the later part of this article, we have briefly discussed
each antiviral based on their comparative benefits and risks to control

smallpox and monkeypox infections.

3.1 | Cidofovir (CDV)

CDV is a nucleotide analog that converts to a cytidine triphosphate
analog in the cell and inhibits the DNA polymerase of poxvirus.>?

There is no proven data available on the efficacy of CDV in the
treatment of human monkeypox infection. However, the molecule
showed activity against poxviruses in several studies.’>** It is not
established yet whether not patients having severe monkeypox
infection will be benefitted from the treatment with CDV. Further-
more, CDV is used to treat molluscum contagiosum poxvirus

infection in humans.>®

3.1.1 | Brincidofovir (BCV)

BCV is a lipid conjugate derivative of CDV. BCV has improved cellular
uptake and conversion rate to the active form than CDV.>® BCV is an
orally bioavailable drug that allows tablets and suspensions for better
patient compliance. Also, BCV has a better renal safety profile than
CDV.>7 Several Orthopoxvirus animal model studies revealed promis-
ing results in the case of BCV.*®>? A recent study reported that BCV
200 mg once a week orally might elevate liver enzymes among
patients with monkeypox infection. BCV might have an enhanced
safety profile compared to CDV. Serious adverse effects were absent
during the treatment of cytomegalovirus infection with BCV.
Furthermore, BCV can be used in molluscum contagiosum poxvirus
in humans.®® BCV showed good efficacy against monkeypox
infection in an animal model study when administered as a regimen
started on the day of infection.®* However, the effectiveness of BCV
in the treatment of monkeypox in humans has not been established
by adequate human model studies. One study administered BCV
200mg once a week orally for monkeypox infection, and patients
developed elevated liver enzymes resulting in cessation of therapy.®?
Although BCV was found effective against poxviruses in several
nonhuman model studies.’®>® So, there is an urgent need for

prospective human model studies on BCV in monkeypox infection.

3.1.2 | Tecovirimat (TCV)

TCV has been approved by the European Medicines Agency (EMA),
Health Canada, and the US-FDA for the treatment of smallpox. The
European Union (EU) has approved TCV for treatment of monkey-
pox.2 It blocks the last step of viral replication by preventing the
transmission of the virus within the body.®*¢* TCV showed good
efficacy against monkeypox infection in an animal model study when
administered as a regimen began on the day of infection.®* However,
adequate supporting information is not available about the efficacy of
TCV for the treatment of monkeypox infection in humans. However,
several nonhuman model studies showed the effectiveness of TCV in
treating Orthopoxvirus-induced infections. TCV was found to be safe
and well-tolerable with few side effects according to human clinical
trials. TCV 200 mg twice daily for 2 weeks orally showed no adverse
effects and a shorter duration of hospital stay compared to others.®?
An earlier study reported that TCV equally inhibits variola and
monkeypox viruses by reducing the production and release of
enveloped Orthopoxvirus in severe systemic infections.®®> TCV may
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affect immunogenicity when concomitantly administered with
ACAM2000.2”

4 | OTHER DRUGS

Vaccinia immune globulin (VIG) is produced from the pooled blood of
the vaccinated population by the smallpox vaccine. The antibody was
developed in response to the smallpox vaccine in these individuals
are withdrawn and purified. VIG can be used intravenously to treat
individuals with progressive vaccinia following smallpox vaccina-
tion.®® It was also used with CVD as concomitant therapy for the
management of the 2003, Midwest monkeypox outbreak to lessen
the serious side effects of the smallpox vaccine.®” Antiviral drugs in
combination with VIG significantly enhance the efficacy of VIG in the
treatment of progressive cutaneous vaccinia virus infections in
immunosuppressed cases. However, VIG therapy is costly, and its
supply is limited.®® Adequate data is not available supporting the
effectiveness of VIG for treating monkeypox complications in
humans. There is no proven benefit of VIG in treating smallpox

complications and it is used under an IND.

5 | CONCLUSION

Still, the evidence-based preventive and therapeutic agents are
absent for monkeypox infection.®” According to the present report,
we assume that smallpox vaccines and antiviral drugs can control
monkeypox outbreaks. Therefore, we recommend repurposing of these
smallpox vaccines and antiviral agents in the recent monkeypox
outbreak. Moreover, we recommend further investigations of smallpox
vaccines and Orthopoxvirus inhibitors in a human model study to explore
their exact role in human monkeypox infections. The WHO can deploy
experts to review vaccines and antivirals of smallpox and monkeypox to
provide guidelines to the countries about their usages to prevent
monkeypox infection. In addition to the repurposing of antismallpox
agents, public awareness, appropriate preventive measures, rapid
identification and isolation of cases, contact tracing, and proper

treatment may control monkeypox outbreaks.
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