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Abstract: Widespread vaccination programmes led to the global eradication of smallpox, which was
certified by the World Health Organisation (WHO), and, since 1978, there has been no case of smallpox
anywhere in the world. However, the viable variola virus (VARV), the causative agent of smallpox,
is still kept in two maximum security laboratories in Russia and the USA. Despite the eradication
of the disease smallpox, clandestine stocks of VARV may exist. In a rapidly changing world, the
impact of an intentional VARV release in the human population would nowadays result in a public
health emergency of global concern: vaccination programmes were abolished, the percentage of
immunosuppressed individuals in the human population is higher, and an increased intercontinental
air travel allows for the rapid viral spread of diseases around the world. The WHO has authorised
the temporary retention of VARV to enable essential research for public health benefit to take place.
This work aims to develop diagnostic tests, antiviral drugs, and safer vaccines. Advances in synthetic
biology have made it possible to produce infectious poxvirus particles from chemicals in vitro so that
it is now possible to reconstruct VARV. The status of smallpox in the post-eradication era is reviewed.
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1. History of Smallpox

Smallpox is caused by the variola virus (VARV), a member of the Orthopoxvirus (OPV) genus of
the Poxviridae. In the past, the disease was named smallpox because the lesion size was smaller than
that of great-pox (syphilis). Edward Jenner described smallpox as “the most dreadful scourge of the
human species.” Exact numbers of deaths are not recorded but estimates amount to 400 million people
in the 20th century alone [1]. The origin of VARV remains unknown; the first clinical descriptions of
smallpox were noted in China (4th century), in India (7th century), and in the Mediterranean area
(10th century). Several Egyptian mummies have skin lesions that resemble smallpox. Before the 15th
century, smallpox was observed in Europe and Asia. However, during colonialism smallpox was
imported by the Europeans into the Americas, Southern Africa, and Australia between the 15th and
18th century. Confronted with a novel pathogen, the immunologically naive indigenous populations
of these continents suffered from high case-fatality rates in smallpox outbreaks with major historical
consequences. Towards the end of the 19th century, a less lethal form of smallpox was documented in
South Africa and the United States and later on in South America. These viruses called amass, alastrim,
and kaffir were designated variola minor to differentiate them from variola major, the causative agent
of classical smallpox. The case-fatality rate for variola minor was only 1%, which is in sharp contrast to
30% for variola major.

2. Clinical Features of Smallpox

The variola virus infection is transmitted through aerosol. This was proven in a hospital building
in Meschede, Germany, where a total of 17 smallpox cases were infected by virus particles disseminated
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by air over a considerable distance [2]. Usually, the virus enters the body by the inhalation of
microdroplets shed from the respiratory tract of infected persons [1]. This occurs when persons
have face-to-face contact with patients during the first 7 days of overt disease. The virus also infects
through contact with skin, body fluids, or pock material. After infection and an incubation period
of approximately 7 to 19 days, patients experience a prodromal phase with high fever, malaise,
and headaches. The virus replicates in mucosal membranes and is released from ulcerative lesions
even before other, more characteristic symptoms occur. The most striking feature of smallpox is
a rash leading to the well known cutaneous lesions. The rash starts in different parts of the body
and—after passing through the stages of macules, papules, and vesicles—scabs are formed that
eventually desquamate during the following 2-3-week period resulting in the formation of the classic
pock scars. Smallpox lesions range from 0.5-1 cm in diameter, they are deep-seated in the epidermis
and progress through the same stages synchronously.

Smallpox, as a disease, was relatively easy to recognize with its characteristic skin lesions,
however, the following exanthematous illnesses have to be considered as differential diagnosis:
severe chickenpox rash, monkeypox, generalized vaccinia virus or cowpox virus infections,
eczema vaccinatum, disseminated varicella-zoster, herpes simplex virus infections, drug reactions,
erythema multiforme, enteroviral infections, rickettsialpox rash, secondary syphilis, scabies, insect bites,
impetigo, and molluscum contagiosum [3]. Diseases confused with haemorrhagic smallpox included
acute leukaemia, meningococcaemia and idiopathic thrombocytopenic purpura. The US Centers for
Disease Control and Prevention (CDC) have developed an algorithm for patient evaluation [4,5] to
assist physicians and health care workers. A suspected case of smallpox must be reported immediately.
Work with infectious VARV can only be performed in two biosafety level 4 laboratories sanctioned by
the WHO.

3. The History of Smallpox Vaccination

It was understood early in the history of smallpox that persons who survived an infection never
developed the disease again. Additionally, it became clear that many individuals infected by skin
lesions suffered a less severe form of smallpox than those infected by the respiratory route. This led
to an early immunization procedure that became known as variolation: immunologically naive
persons were infected via cutaneous scratches with pustular fluid/material collected from smallpox
patients. Initially developed in India and China, it became common in Europe and its colonies in
the 18th century. Despite its success, the number of patients that still developed the classical form
of smallpox after variolation with the full clinical picture and high mortality rate was not negligible.
In the late 18th century, it was known that milkmaids, who had contracted a zoonotic infection,
cowpox, usually survived smallpox [6]. Based on these observations, Edward Jenner inoculated a
boy with material taken from a lesion on the hand of a milkmaid, who had acquired the infection
from cattle. This infection was assumed to be cowpox virus (CPXV), although proof of this is
lacking. Jenner subsequently challenged the boy by variolation, but he did not develop smallpox.
After additional studies, Jenner published his Inquiry that marked the beginning of the vaccination
era [6]. In the early 19th century, this method of vaccination (vacca, Latin for cow) became very popular
because it achieved the same level of protection as variolation coupled with a considerably lower risk
of adverse effects. However, limited supplies of the vaccine did not allow widespread vaccinations.
To overcome these shortages, vaccine virus was passed by arm-to-arm transfer in humans during the
19th century. A further step towards vaccination success was the production of CPXV and later of
the related vaccinia virus (VACV) in the skin of animals. Vaccine stocks were also mass produced
on the chorioallantoic membranes of embryonated eggs. No particular VACV strain was officially
recommended, but the WHO advised that either the Lister or the New York City Board of Health strain
should be used. A further advance was the development of lyophilisation techniques for vaccines
in 1950. The availability of such lyophilised virus abolished the need for refrigeration and massively
simplified the transportation possibilities to remote areas. Finally, the bifurcated needle allowed
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even untrained personnel to conduct vaccinations successfully. Recently, it has been stated that there
is a potential role of horsepox virus in the origin of the smallpox vaccine [7]: the core genome of
a vaccine virus, which had been produced in 1902, has the highest degree of similarity (99.7%) to
horsepox virus [8]. This analysis provides evidence of the suspected role of horsepox in the origin of
the smallpox vaccine and strengthens the hypothesis that the horsepox virus may be the ancestor of
the vaccinia lineage.

4. The WHO Smallpox Global Eradication Programme

In 1959, the twelfth World Health Assembly adopted a resolution to achieve the eradication
of smallpox [9], however, progress was slow. In 1967, the Intensified Smallpox Eradication
Programme started with a more stringent line of action and ring vaccinations were conducted:
the identification of new cases was enhanced by the training of health care workers, smallpox patients
were isolated, and close contacts were identified and subsequently vaccinated and quarantined.
Within a decade, smallpox was eradicated, with the last natural case in Somalia in 1977. On 8 May
1980, smallpox eradication was declared officially by the WHO. Success relied on the following key
determinants: (i) smallpox is exclusively restricted to humans (there is no animal reservoir), (ii) VARV
cannot establish either latent or persistent infections, (iii) smallpox was easily recognized and contacts
could then be vaccinated, (iv) the vaccine induced long-lasting protective immunity as a single dose,
the vaccine was easy to apply, and a rather low vaccination dose was required, (v) vaccine stocks
could be easily produced within few days, and (vi) the major reaction (“take”) allowed for a fast, easy,
and reliable evaluation of vaccination efficiency even by untrained personnel. In 1996, the World
Health Assembly passed a resolution that the remaining stocks of VARV should be destroyed and a
date for destruction was set for 1999. However, this date passed without destruction taking place
and 20 years later the virus stocks endure. During this period, the WHO has authorised research
that is essential for public health benefit to take place. This work aims to develop diagnostic tests,
antiviral drugs, and safer vaccines.

5. Methods for the Diagnosis of Smallpox

Only a combination of rapid diagnosis, followed by the subsequent isolation of patients,
vaccination, and quarantine of contacts will be successful in case of a smallpox outbreak [9]. Most critical
is the early diagnosis of a patient since any delay would lead to an increase in the number of infected
patients. In this regard, it is important to bear in mind that patients can already spread the virus
before the rash becomes apparent. The main requirements for laboratory testing are speed combined
with high sensitivity and specificity. Various real-time (RT)-PCR combinations had been published
for the detection and species-specific identification of OPVs [10-12]. Within the United States, one
RT-PCR assay that detects VARV specifically has been approved by the Food and Drug Administration,
and a method allowing for the simultaneous differentiation of VARV, monkeypox virus (MPXV), CPXV,
and VACYV in the same RT-PCR mixture [13] was approved in Russia in 2016.

The recent development of portable RI-PCR machines and lyophilized reagents [14] raise the
exciting prospect of these techniques being used for rapid diagnosis in the field. The GeneXpert
platform (Cepheid Sunnyvale, CA, USA) has been used in Africa to identify cases of human monkeypox.
Point-of-care assays are very useful to confirm human infections rapidly, thereby allowing to us initiate
medical countermeasures in a timely manner. However, new OPVs identified recently underline the
importance that current assays are routinely re-validated. A “state of the art” RT-PCR strategy is a
combination of (i) a generic OPV-assay and (ii) a VARV-specific assay. The parallel application of
different detection formats, like 5" nuclease and hybridization probes, can be beneficial. In addition,
an internal control to monitor inhibition has to be included. A modified VARV-DNA as a positive
control to rule out cross-contamination is of advantage. By following this strategy, VARV can be
detected reliably, even in mixtures of VARV and non-VARV OPVs. Extensive genomic sequence
analyses of 45 different VARVs revealed a very high degree of nucleotide sequence conservation
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among these strains; this suggests that there is probably very little difference in the isolates” functional
gene content, increasing the likelihood that sequence-based detection methods will efficiently identify
re-emerging VARVs as well. In addition, the low sequence diversity is reassuring and important from a
biodefence perspective because it suggests a high probability of identifying VARV infections if tracking
single or multisource outbreaks.

6. Vaccines against Smallpox

A variety of VACV strains have been used in different parts of the world [9]. Most of the vaccines
were propagated on the skin of animals—mainly calves, but also buffaloes, sheep, and rabbits [15].
The safety record was not ideal since a number of adverse effects occurred after vaccination [16,17].
Accidental infections and severe disease progression in individuals with eczema or immunological
deficiency were major complications. In a small percentage of vaccinees, severe neurological disorders,
such as encephalitis were reported [18]. Changing the process of vaccine production (1st to 2nd
generation) enabled a reduction in possible risks related to the production, however, adverse events
associated with the vaccine strain were not expected to change.

In response to the risk of an intentional release of VARV, some countries replenished their vaccine
stocks [19]. These stocks had been produced in cell cultures or in calves. It is likely that these vaccines
will have the same efficacy. Adverse effects are rare but significant. Since genetic heterogeneity has been
determined for the Lister and Dryvax vaccines [20,21], second generation vaccines are plaque-purified
clones. Their properties are comparable to their parental strains. In 2007, after plaque-purification and
extensive testing, ACAM2000 was licensed for use in the United States [22].

Due to significant adverse events following vaccination with replicating VACVs, research resulted
in smallpox vaccines based on highly attenuated VACV strains that (largely) do not replicate in humans
after vaccination. Modified vaccinia Ankara (MVA) is a VACV strain derived from chorioallantois
vaccinia Ankara with a history of 570 passages in chick embryo fibroblasts [23]. As a result, MVA has a
restricted host range and is unable to replicate efficiently in human cells. However, most of the viral
proteins are expressed [24,25]. MVA had been licensed as a vaccine in Germany and is considered
an effective and safe vaccine based on its robust immunogenicity in the absence of virus replication
in vivo. Experimental evidence for this was provided by studies with immunodeficient monkeys [26]
and mice [27]. Two doses of MVA are needed to induce a robust immune response comparable to a
single dose of replicating VACV. However, a single dose of MVA is already protective in animal models
and an earlier onset of protection is seen in non-human primates [28]. Even post-exposure protection
was demonstrated in mice [27,29]. The approval of MVA was also supported by safety studies in
subjects with low CD4 counts. Mild to intermediate atopic dermatitis included a phase 3 study [30].
Based on these investigations, Imvanex® was licensed in all member states of the European Union
and in Iceland, Liechtenstein, Canada, and Norway in 2013. In 2019, the vaccine termed ]ynneos®
was approved by the US FDA for protection against VARV and MPXV. The indication in adults is
for active immunization against smallpox. In the USA, a pre-Emergency Use Authorization would
allow the use of Imvamune® in immunocompromised persons. MVA is now part of the US Strategic
National Stockpile with an initial order of about 30 million doses. This would allow for the pre-event
vaccination of first-line responders—a prerequisite in emergency preparation should an unexpected
smallpox outbreak scenario occur.

LC16m8 is a VACV strain that was developed by continuous passage of VACV strain Lister in
primary kidney epithelial cells at 30 °C. In 1975, it was licensed in Japan [31,32]. Inoculation is followed
by the formation of a so-called vaccine “take” similar to the Lister strain; however, the vaccine strain
is temperature restricted, has a limited host range, and adverse effects are significantly reduced [33].
There are no large deletions in its genome, and the majority of the open reading frames are functional,
an exception being the B5R gene [34] that encodes a glycoprotein that becomes part of the extracellular
virus outer envelope [35] and against which neutralizing antibodies are directed [36]. LC16m8 has
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been stockpiled in Japan, and 80 million doses could be manufactured per year. LC16mS8 is a suitable
vaccine to be used singly or in combination with first- and second-generation vaccines.

7. Anti-Smallpox Chemotherapeutics

Cidofovir (Vistide) is an approved drug for the treatment of HCMYV retinitis in HIV-patients and
is also effective against poxviruses. Cidofovir is a nucleoside analogue that selectively inhibits the
viral DNA polymerase and reduces the replication of VARV in vitro [37]. Only when given before the
onset of rash can cidofovir prevent mortality. However, cidofovir can cause significant nephrotoxicity.
In contrast, brincidofovir, the lipid analogue (CMX001) of cidofovir, is available by the oral route,
and no nephrotoxicity has been reported [38,39]. Brincidofovir is active against double-stranded DNA
viruses, including OPVs. It was effective in an intradermal rabbitpox virus model and in the intranasal
ectromelia virus model in mice. On the basis of these results, it is predicted that concentrations
of brincidofovir needed for treatment of smallpox can be achieved with those doses that are being
evaluated. Tablet and liquid formulations are under development, however, brincidofovir is not yet
approved for the treatment of OPV infections.

SIGA Technologies developed TPOXX (tecovirimat, ST-246) for the treatment of smallpox and
has already supplied two million treatment courses to the US Strategic National Stockpile. The drug
targets the virus F13 phospholipase and acts as an inhibitor of virus egress and blocks the formation
of enveloped forms of OPVs, thereby effectively inhibiting virus dissemination both in vitro and
in vivo. The US FDA Animal Rule guided TPOXX drug development, as clinical trials are impossible
to conduct due to ethical concerns. TPOXX efficacy, against a wide range of OPVs, was demonstrated
in several animal models, including VARV in non-human primates [40,41]. The drug has already been
applied for the treatment of adverse effects following smallpox vaccination. In May 2018, the US FDA
Antimicrobial Drug Advisory Committee voted in favor of TPOXX benefit versus risk, and in July
2018, the FDA approved TPOXX for the treatment of smallpox. Studies have shown that there is no
influence on the efficacy of a Dryvax and ACAM2000 vaccination by TPOXX treatment being given at
the time of vaccination [42,43]. The licensure of TPOXX represents a remarkable achievement: it is the
first drug licensed against smallpox, the first drug licensed against an extinct disease, and the first
drug licensed for human use that relied entirely on efficacy data in animals.

The availability of at least two antiviral drugs that work by different molecular mechanisms has
been recommended by the US Institute of Medicine. Continued research on antiviral compounds is
highly desirable because the acquisition of drug resistance cannot be excluded and mutations that
mediate the resistances of different OPVs were reported both for cidofovir [44] and TPOXX [41,45].
This is especially important in light of potential biothreats by synthetically-produced VARV with
the intentional introduction of resistance mutations. It also underlines the dilemma of the scientific
community in this regard, as general knowledge about resistance mechanisms is vitally important but
their publication poses the risk for malignant misuse.

8. Variola virus Evolution

In 2006, the genomic sequences of 47 geographically distinct VARV isolates were reported [46].
The sequences provide insight into VARV genetics, evolution, relationships with other OPVs,
and co-evolutionary interactions with the human host [47]. These sequences, together with the
known gene sequences and the drug sensitivities of other OPVs, provide evidence that all VARV strains
are sensitive to antiviral drugs such as TPOXX and the cidofovir derivative brincidofovir. The genomes
of VARV isolates are closely related to each other, suggesting a slow evolutionary drift in poxviruses
based, in part, on the high fidelity of the poxviral DNA-dependent DNA polymerase. The available
genomic sequencing data show two major clades, one of which contains two subgroups [46—48].
Members of the first group include isolates of variola major from Asia that are associated with high
mortality, and isolates from Africa that are associated with varying mortality rates. The second group
consists of variola minor (alastrim) from South America, which has lower fatality rates. Closely related
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isolates from the third group are from Western Africa and are associated with intermediate levels of
disease severity.

Recently, VARV-DNA was detected in a mummy in Lithuania dating back to 1643 to 1665. A draft
genome could be assembled [49] with almost identical fragmentation of various genes, as seen in
VARVs isolated in the 20th century. The authors conclude that the loss of gene function seen in modern
VARVs compared to some other OPVs must have occurred before 1650 approximately. By calculating
phylogenetic trees, the Lithuanian sequence fell basal to all VARV sequences [46,50]. Further analyses
revealed that the time scale of VARV evolution is more recent than often supposed— the two major
viral lineages diverged within the 18th and 19th centuries. Such a phylogenetic pattern strongly
suggests that both clades experienced a major population bottleneck at this time, which most likely
lead to the extinction — possibly due to widespread vaccination - of several unsampled older lineages.
An example of an extinct European lineage is represented by a VARV genome obtained from human
tissue kept in a museum in Prague dating back 160 years [46].

9. Genomic Manipulation of Orthopoxviruses and Synthetic Biology

Gene synthesis has been used for the de novo synthesis of infectious poliovirus, and of the 1918
pandemic strain of influenza virus [51,52]. The possibility of synthesizing any DNA sequence can
enable live OPVs to be reconstructed as well, although this is more challenging given the larger size
of poxvirus genomes. In 2002, infectious VACV was recovered after insertion of a full-length viral
genome into a bacterial artificial chromosome [53]. Furthermore, transfecting mixtures of VACV DNA
fragments and cells that had previously been infected with a helper leporipoxvirus led to recovery
of infectious VACV [54]. In 2018, the recreation of an OPV was demonstrated using only publicly
available sequence information: several DNA fragments of approximately 30 kilobase pairs that
collectively represented the entire horsepox virus genome were purchased and introduced collectively
by transfection into cells infected with a leporipoxvirus, and infectious horsepox virus particles were
isolated thereafter. The virus was grown, sequenced, and characterised and was found to have the
predicted genome sequence and the growth properties described for the horsepox virus [55]. The effort
cost approximately 100,000 USD and took about six months. During this period, the primary limiting
factor was the length of time required for DNA fragment synthesis to take place in a commercial
company. This demonstration of what was known to be possible, increases the potential re-creation of
VARV: even if all existing VARV stocks, including those at the WHO collaborating centres, and the
potential clandestine stocks were destroyed, the threat of a re-emergence of infectious VARV cannot be
ruled out.

De novo synthesis of a viable VARV is only one option for creating VARV or a VARV-like virus.
There are other methods available to modify the virulence and host-range pattern of any OPYV,
including VARV, such as homologous recombination. This method is routinely used in basic and
applied research. By this method, drug-resistance markers could be introduced into drug-sensitive
viruses. The insertion of genes coding for immunoregulatory active proteins interfering with the
host immune system can alter virulence properties. This was demonstrated [56] by inserting the
interleukin-4 gene in the genome of ectromelia virus, thereby increasing virus virulence significantly.
OPV genes can be replaced by others, genes unique to pathogenic OPVs can be inserted into VACYV,
the homologous parts of one genome could be replaced with synthetic segments copied from other
OPVs, or chimeric viruses (for example, a hybrid of MPXV and CMLV) can be generated with potentially
novel virulence patterns comparable to those of VARV.
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10. Orthopoxviruses as Biothreat agents and Biorisks

According to Ken Alibek, a former deputy director of the former Soviet Union’s bioweapons
program, the former Soviet Union expanded its bioweapons research program during the 1980s and
was eventually able to weaponise smallpox [57]. However, very little information is available about
the extent and outcome of these activities. Today, a concern remains that somewhere, somehow,
VARV might be kept illegitimately in clandestine stocks. In a rapidly changing world, the impact of an
intentional release of VARV would result in a public health emergency of global concern. This concern
stems from the facts that smallpox vaccination programmes were stopped decades ago and so an
increasing proportion of the world’s population is immunologically naive for orthopoxviruses, that the
percentage of immunosuppressed individuals has increased, and intercontinental air travel allows
rapid viral spread around the world. Shedding the virus from the oropharynx and skin before a
smallpox diagnosis is confirmed is a real concern, even in countries with highly development medical
healthcare systems.

With regard to medical countermeasures, it is extremely unlikely that a widespread vaccination
programme will be re-introduced. Ultimately, success in controlling any possible future outbreak of
smallpox will depend on supplies of medical countermeasures as well as on the following classical
methods used in the past: (i) early detection, (ii) the isolation of smallpox patients, (iii) the quarantine of
contacts, and (iv) ring vaccination [58]. Today—and this is of utmost importance—with the availability
of an antiviral compound, cases can even be treated instantly, whereas the induction of a protective
immunity is delayed. Therefore, it is of great advantage that both vaccination and antiviral therapy
can be given simultaneously without a negative impact.

In the past, smallpox was relatively easy to recognise. Today, health care professionals have to be
educated about the characteristics of smallpox, which can easily be confused clinically with monkeypox,
or even chickenpox caused by varicella-zoster virus, a herpes virus. The disease monkeypox is caused
by monkeypox virus (MPXV), a zoonotic OPV endemic in the rainforests of central and western
Africa [59]. Since the global eradication of smallpox in 1977, monkeypox has been considered to
be the most important OPV infection in humans. Based on epidemiological data, it is assumed
that MPXV is less transmissible among humans than VARV and is also less deadly (case fatality
estimates for monkeypox range between 2% and 10%) and that infection could not sustain itself in
the human population. Until recently, infections of monkeypox in humans had mostly been limited
to central and western regions of Africa. However, during the ongoing monkeypox outbreak in
Nigeria, increased human-to-human transmission has been observed and the wide geographic spread,
predominantly in urban areas, has raised concerns about the disease. The recent cases of monkeypox
observed in the UK [60], Israel [61], and Singapore all originated from Nigeria, demonstrating that the
virus is no longer only a concern in Africa.

Beside these known challenges, novel zoonotic poxviruses are being discovered regularly, many of
them with zoonotic characteristics like the Alaskapox virus [62] and the Akhmeta virus [63]. It is fair
to expect that more examples may follow and any novel poxvirus should be critically assessed for its
zoonotic ability and potential to adapt to humans as a host.

Taken together, the range of risks and biothreats caused by OPVs is particularly broad, and
constant vigilance is needed in many different sectors of public life, including the public health service,
political decision making, and the surveillance of biomedical research and the biomedical industry,
when it comes to synthetic biology.

Author Contributions: H.M. designed the review, HM. and R.E. wrote the initial draft of the manuscript,
and G.L.S. revised the manuscript. All authors have read and agreed to the published version of the manuscript.
Acknowledgments: G.L.S. was a Wellcome Trust Principal Research Fellow.

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

Ethical Approval: This article does not contain any studies with human participants or animals performed by
any of the authors.



Viruses 2020, 12, 138 8of 11

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Henderson, D.A.; Inglesby, T.V.; Bartlett, J.G.; Ascher, M.S,; Eitzen, E.; Jahrling, P.B.; Hauer, J.; Layton, M.;
McDade, J.; Osterholm, M.T.; et al. Smallpox as a biological weapon: Medical and public health management.
Working Group on Civilian Biodefense. JAMA 1999, 281, 2127-2137. [CrossRef] [PubMed]

Webhrle, F.; Posch, J.; Richter, K.H.; Henderson, D.A. An airborne outbreak of smallpox in a German hospital
and its significance with respect to other recent outbreaks in Europe. Bull. World Health Organ. 1970, 43,
669-679. [PubMed]

Damon, IL.K.; Esposito, J.J. Poxviruses that infect humans. In Manual of Clinical Microbiology, 8th ed.;
Murray, PR., Baron, E.J., Jorgensen, ].H., Pfaller, M.A., Yolker, M.H., Eds.; ASM Press: Washington, DC, USA,
2003; pp. 1583-1591.

Evaluating Patients for Smallpox: Acute, Generalized Vesicular or Pustular Rash Illness Protocol. Available
online: https://www.cdc.gov/smallpox/clinicians/algorithm-protocol.html (accessed on 24 January 2020).
Smallpox. Available online: https://www.cdc.gov/smallpox/ (accessed on 24 January 2020).

Jenner, E. An Inquiry into the Causes and Effects of the Variolae Vaccinae; a Disease Discovered in some of
the Western Counties of England, Particularly Gloucestershire, and Known by the Name of The Cow Pox,
London. In Classics of Medicine and Surgery; Camac, C.N.B., Ed.; Dover: Mineola, NY, USA, 1959; pp. 213-240.
Esparza, J.; Schrick, L.; Damaso, C.R.; Nitsche, A. Equination (inoculation of horsepox): An early alternative
to vaccination (inoculation of cowpox) and the potential role of horsepox virus in the origin of the smallpox.
Vaccine 2017, 35, 7222-7230. [CrossRef] [PubMed]

Schrick, L.; Tausch, S.H.; Dabrowski, PW.; Damaso, C.R.; Esparza, J.; Nitsche, A. An Early American Smallpox
Vaccine Based on Horsepox. N. Engl. J. Med. 2017, 377, 1491-1492. [CrossRef]

Fenner, F; Hendersan, D.A.; Arita, I; Jezek, Z.; Ladnyi, LD. Smallpox and its eradication. In History of
international public health; no. 6; World Health Organization: Geneva, Switzerland, 1988.

Olson, V.A.; Laue, T.; Laker, M.T.; Babkin, I.V.; Drosten, C.; Shchelkunov, S.N.; Niedrig, M.; Damon, L.K;
Meyer, H. Real-time PCR system for detection of orthopoxviruses and simultaneous identification of smallpox
virus. J. Clin. Microbiol. 2004, 42, 1940-1946. [CrossRef]

Nitsche, A.; Ellerbrok, H.; Pauli, G. Detection of orthopoxvirus DNA by real-time PCR and identification of
variola virus DNA by melting analysis. J. Clin. Microbiol. 2004, 42, 1207-1213. [CrossRef]

Carletti, F,; Di Caro, A.; Calcaterra, S.; Grolla, A.; Czub, M.; Ippolito, G.; Capobianchi, M.R.; Horejsh, D.
Rapid, differential diagnosis of orthopox- and herpesviruses based upon real-time PCR product melting
temperature and restriction enzyme analysis of amplicons. J. Virol. Methods 2005, 129, 97-100. [CrossRef]
Shchelkunov, S.N.; Shcherbakov, D.N.; Maksyutov, R.A.; Gavrilova, E.V. Species-specific identification of
variola, monkeypox, cowpox, and vaccinia viruses by multiplex real-time PCR assay. . Virol. Methods 2011,
175,163-169. [CrossRef]

Aitichou, M.; Saleh, S.; Kyusung, P.; Huggins, J.; O’Guinn, M.; Jahrling, P; Ibrahim, S. Dual-probe real-time
PCR assay for detection of variola or other orthopoxviruses with dried reagents. J. Virol. Methods 2008, 153,
190-195. [CrossRef]

Moss, B. Smallpox vaccines: Targets of protective immunity. Immunol. Rev. 2011, 239, 8-26. [CrossRef]
Kretzschmar, M.; Wallinga, J.; Teunis, P.; Xing, S.; Mikolajczyk, R. Frequency of adverse events after
vaccination with different vaccinia strains. PLoS Med. 2006, 3, e272. [CrossRef]

Lane, ].M.; Ruben, EL.; Neff, ].M.; Millar, ].D. Complications of Smallpox Vaccination, 1968. N. Engl. ]. Med.
1969, 281, 1201-1208. [CrossRef] [PubMed]

Arness, M.K,; Eckart, RE.; Love, S.S.; Atwood, J.E.; Wells, T.S.; Engler, R.J.M.; Collins, L.C.; Ludwig, S.L.;
Riddle, J.R.; Grabenstein, ].D.; et al. Myopericarditis following smallpox vaccination. Am. . Epidemiol. 2004,
160, 642-651. [CrossRef]

Rosenthal, S.R.; Merchlinsky, M.; Kleppinger, C.; Goldenthal, K.L. Developing new smallpox vaccines.
Emerging Infect. Dis. 2001, 7, 920-926. [CrossRef] [PubMed]

Li, G.; Chen, N.; Feng, Z.; Buller, RM.L.; Osborne, J.; Harms, T.; Damon, L; Upton, C.; Esteban, D.]. Genomic
sequence and analysis of a vaccinia virus isolate from a patient with a smallpox vaccine-related complication.
Virol. ]. 2006, 3, 88. [CrossRef]

Garcel, A.; Perino, J.; Crance, ].-M,; Drillien, R.; Garin, D.; Favier, A.-L. Phenotypic and genetic diversity of
the traditional Lister smallpox vaccine. Vaccine 2009, 27, 708-717. [CrossRef]


http://dx.doi.org/10.1001/jama.281.22.2127
http://www.ncbi.nlm.nih.gov/pubmed/10367824
http://www.ncbi.nlm.nih.gov/pubmed/5313258
https://www.cdc.gov/smallpox/clinicians/algorithm-protocol.html
https://www.cdc.gov/smallpox/
http://dx.doi.org/10.1016/j.vaccine.2017.11.003
http://www.ncbi.nlm.nih.gov/pubmed/29137821
http://dx.doi.org/10.1056/NEJMc1707600
http://dx.doi.org/10.1128/JCM.42.5.1940-1946.2004
http://dx.doi.org/10.1128/JCM.42.3.1207-1213.2004
http://dx.doi.org/10.1016/j.jviromet.2005.05.020
http://dx.doi.org/10.1016/j.jviromet.2011.05.002
http://dx.doi.org/10.1016/j.jviromet.2008.07.018
http://dx.doi.org/10.1111/j.1600-065X.2010.00975.x
http://dx.doi.org/10.1371/journal.pmed.0030272
http://dx.doi.org/10.1056/NEJM196911272812201
http://www.ncbi.nlm.nih.gov/pubmed/4186802
http://dx.doi.org/10.1093/aje/kwh269
http://dx.doi.org/10.3201/eid0706.010602
http://www.ncbi.nlm.nih.gov/pubmed/11747717
http://dx.doi.org/10.1186/1743-422X-3-88
http://dx.doi.org/10.1016/j.vaccine.2008.11.063

Viruses 2020, 12, 138 9of 11

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Frey, S.E.; Newman, EK.; Kennedy, ].S.; Ennis, E; Abate, G.; Hoft, D.E; Monath, T.P. Comparison of the safety
and immunogenicity of ACAM1000, ACAM2000 and Dryvax in healthy vaccinia-naive adults. Vaccine 2009,
27,1637-1644. [CrossRef]

Mayr, P.D.D.A.; Hochstein-Mintzel, D.V,; Stickl, P.D.H. Abstammung, Eigenschaften und Verwendung des
attenuierten Vaccinia-Stammes MVA. Infection 1975, 3, 6-14. [CrossRef]

Sutter, G.; Moss, B. Nonreplicating vaccinia vector efficiently expresses recombinant genes. Proc. Natl. Acad.
Sci. USA 1992, 89, 10847-10851. [CrossRef]

Mayr, A. Smallpox vaccination and bioterrorism with pox viruses. Comp. Immunol. Microbiol. Infect. Dis.
2003, 26, 423-430. [CrossRef]

Stittelaar, K.J.; Kuiken, T.; de Swart, R.L.; van Amerongen, G.; Vos, HW.,; Niesters, H.G.; van Schalkwijk, P;
van der Kwast, T.; Wyatt, L.S.; Moss, B.; et al. Safety of modified vaccinia virus Ankara (MVA) in
immune-suppressed macaques. Vaccine 2001, 19, 3700-3709. [CrossRef]

Paran, N.; Suezer, Y.; Lustig, S.; Israely, T.; Schwantes, A.; Melamed, S.; Katz, L.; Preuss, T.; Hanschmann, K.-M.;
Kalinke, U.; et al. Postexposure immunization with modified vaccinia virus Ankara or conventional Lister
vaccine provides solid protection in a murine model of human smallpox. J. Infect. Dis. 2009, 199, 39-48.
[CrossRef] [PubMed]

Earl, PL.; Americo, J.L.; Wyatt, L.S.; Espenshade, O.; Bassler, J.; Gong, K.; Lin, S.; Peters, E.; Rhodes, L.;
Spano, Y.E.; et al. Rapid protection in a monkeypox model by a single injection of a replication-deficient
vaccinia virus. Proc. Natl. Acad. Sci. USA 2008, 105, 10889-10894. [CrossRef] [PubMed]

Samuelsson, C.; Hausmann, J.; Lauterbach, H.; Schmidt, M.; Akira, S.; Wagner, H.; Chaplin, P; Suter, M.;
O’Keeffe, M.; Hochrein, H. Survival of lethal poxvirus infection in mice depends on TLRY, and therapeutic
vaccination provides protection. J. Clin. Investig. 2008, 118, 1776-1784. [CrossRef] [PubMed]

Pittman, P.; Hahn, M.; Lee, H.S.; Koca, C.; Samy, N.; Schmidt, D.; Hornung, J.; Weidenthaler, H.; Heery, C.R,;
Meyer, TP.H.; et al. Phase 3 Efficacy Trial of Modified Vaccinia Ankara as a Vaccine against Smallpox. N. Engl.
J. Med. 2019, 381, 1897-1908. [CrossRef]

Hashizume, S.; Yoshizawa, H.; Morita, M.; Suzuki, K. Properties of attenuated mutant of vaccinia virus,
LC16m8, derived from Lister strain. In Vaccinia Virus as Vectors for Vaccine Antigens; Quinnan, G.V., Ed.;
Elsevier Science Publishing Co Inc.: New York, NY, USA, 1985; pp. 87-99.

Kenner, J.; Cameron, F.; Empig, C.; Jobes, D.V.; Gurwith, M. LC16m8: An attenuated smallpox vaccine.
Vaccine 2006, 24, 7009-7022. [CrossRef]

Kidokoro, M.; Tashiro, M.; Shida, H. Genetically stable and fully effective smallpox vaccine strain constructed
from highly attenuated vaccinia LC16m8. Proc. Natl. Acad. Sci. USA 2005, 102, 4152-4157. [CrossRef]
Takahashi-Nishimaki, F.; Funahashi, S.; Miki, K.; Hashizume, S.; Sugimoto, M. Regulation of plaque size
and host range by a vaccinia virus gene related to complement system proteins. Virology 1991, 181, 158-164.
[CrossRef]

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

Johnson, B.F,; Kanatani, Y.; Fujii, T.; Saito, T.; Yokote, H.; Smith, G.L. Serological responses in humans to the
smallpox vaccine LC16m8. J. Gen. Virol. 2011, 92, 2405-2410. [CrossRef]

Baker, R.O.; Bray, M.; Huggins, ].W. Potential antiviral therapeutics for smallpox, monkeypox and other
orthopoxvirus infections. Antiviral Res. 2003, 57, 13-23. [CrossRef]

Kern, E.R.; Hartline, C.; Harden, E.; Keith, K.; Rodriguez, N.; Beadle, J.R.; Hostetler, K.Y. Enhanced
inhibition of orthopoxvirus replication in vitro by alkoxyalkyl esters of cidofovir and cyclic cidofovir.
Antimicrob. Agents Chemother. 2002, 46, 991-995. [CrossRef]

Lebeau, I; Andrei, G, Dal Pozzo, E; Beadle, J.R; Hostetler, KY.; De Clercq, E;
van den Oord, J.; Snoeck, R. Activities of Alkoxyalkyl Esters of Cidofovir (CDV), Cyclic CDV,
and (5)-9-(3-Hydroxy-2-Phosphonylmethoxypropyl)Adenine against Orthopoxviruses in Cell Monolayers
and in Organotypic Cultures. Antimicrob. Agents Chemother. 2006, 50, 2525-2529. [CrossRef]

Huggins, J.; Goff, A.; Hensley, L.; Mucker, E.; Shamblin, J.; Wlazlowski, C.; Johnson, W.; Chapman, J.;
Larsen, T.; Twenhafel, N.; et al. Nonhuman primates are protected from smallpox virus or monkeypox
virus challenges by the antiviral drug ST-246. Antimicrob. Agents Chemother. 2009, 53, 2620-2625. [CrossRef]
[PubMed]


http://dx.doi.org/10.1016/j.vaccine.2008.11.079
http://dx.doi.org/10.1007/BF01641272
http://dx.doi.org/10.1073/pnas.89.22.10847
http://dx.doi.org/10.1016/S0147-9571(03)00025-0
http://dx.doi.org/10.1016/S0264-410X(01)00075-5
http://dx.doi.org/10.1086/595565
http://www.ncbi.nlm.nih.gov/pubmed/19012492
http://dx.doi.org/10.1073/pnas.0804985105
http://www.ncbi.nlm.nih.gov/pubmed/18678911
http://dx.doi.org/10.1172/JCI33940
http://www.ncbi.nlm.nih.gov/pubmed/18398511
http://dx.doi.org/10.1056/NEJMoa1817307
http://dx.doi.org/10.1016/j.vaccine.2006.03.087
http://dx.doi.org/10.1073/pnas.0406671102
http://dx.doi.org/10.1016/0042-6822(91)90480-Y
http://dx.doi.org/10.1099/0022-1317-83-12-2915
http://dx.doi.org/10.1099/vir.0.034207-0
http://dx.doi.org/10.1016/S0166-3542(02)00196-1
http://dx.doi.org/10.1128/AAC.46.4.991-995.2002
http://dx.doi.org/10.1128/AAC.01489-05
http://dx.doi.org/10.1128/AAC.00021-09
http://www.ncbi.nlm.nih.gov/pubmed/19349521

Viruses 2020, 12, 138 10 of 11

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.
60.

Yang, G.; Pevear, D.C.; Davies, M.H.; Collett, M.S.; Bailey, T.; Rippen, S.; Barone, L.; Burns, C.; Rhodes, G.;
Tohan, S.; et al. An orally bioavailable antipoxvirus compound (ST-246) inhibits extracellular virus formation
and protects mice from lethal orthopoxvirus Challenge. J. Virol. 2005, 79, 13139-13149. [CrossRef] [PubMed]
Grosenbach, D.W,; Jordan, R.; King, D.S.; Berhanu, A.; Warren, TK.; Kirkwood-Watts, D.L.; Tyavanagimatt, S.;
Tan, Y.; Wilson, R.L.; Jones, K.F,; et al. Immune responses to the smallpox vaccine given in combination
with ST-246, a small-molecule inhibitor of poxvirus dissemination. Vaccine 2008, 26, 933-946. [CrossRef]
[PubMed]

Grosenbach, D.W.; Honeychurch, K.; Rose, E.A.; Chinsangaram, J.; Frimm, A.; Maiti, B.; Lovejoy, C.; Meara, I;
Long, P.; Hruby, D.E. Oral Tecovirimat for the Treatment of Smallpox. N. Engl. ]. Med. 2018, 379, 44-53.
[CrossRef]

Smee, D.F,; Dagley, A.; Downs, B.; Hagloch, J.; Tarbet, E.B. Enhanced efficacy of cidofovir combined with
vaccinia immune globulin in treating progressive cutaneous vaccinia virus infections in immunosuppressed
hairless mice. Antimicrob. Agents Chemother. 2015, 59, 520-526. [CrossRef]

Duraffour, S.; Lorenzo, M.M.; Zéller, G.; Topalis, D.; Grosenbach, D.; Hruby, D.E.; Andrei, G.; Blasco, R.;
Meyer, H.; Snoeck, R. ST-246 is a key antiviral to inhibit the viral F13L phospholipase, one of the essential
proteins for orthopoxvirus wrapping. J. Antimicrob. Chemother. 2015, 70, 1367-1380. [CrossRef]

Esposito, J.J.; Sammons, S.A.; Frace, AM.; Osborne, ].D.; Olsen-Rasmussen, M.; Zhang, M.; Govil, D,;
Damon, L.K,; Kline, R.; Laker, M.; et al. Genome sequence diversity and clues to the evolution of variola
(smallpox) virus. Science 2006, 313, 807-812. [CrossRef]

Li, Y.; Carroll, D.S.; Gardner, S.N.; Walsh, M.C.; Vitalis, E.A.; Damon, LK. On the origin of smallpox:
Correlating variola phylogenics with historical smallpox records. Proc. Natl. Acad. Sci. USA 2007, 104,
15787-15792. [CrossRef] [PubMed]

Babkin, I.V.; Shchelkunov, S.N. Molecular evolution of poxviruses. Russ. ]. Genet. 2008, 44, 895-908.
[CrossRef]

Duggan, A.T.; Perdomo, M.E,; Piombino-Mascali, D.; Marciniak, S.; Poinar, D.; Emery, M.V,; Buchmann, J.P;
Duchéne, S.; Jankauskas, R.; Humphreys, M.; et al. 17th Century Variola Virus Reveals the Recent History of
Smallpox. Curr. Biol. 2016, 26, 3407-3412. [CrossRef]

Pajer, P.; Dresler, J.; Kabickova, H.; Pisa, L.; Aganov, P; Fucik, K.; Elleder, D.; Hron, T.; Kuzelka, V,;
Veleminsky, P.; et al. Characterization of Two Historic Smallpox Specimens from a Czech Museum. Viruses
2017, 9, 200. [CrossRef] [PubMed]

Cello, J.; Paul, A.V,; Wimmer, E. Chemical synthesis of poliovirus cDNA: Generation of infectious virus in
the absence of natural template. Science 2002, 297, 1016-1018. [CrossRef]

Tumpey, T.M.; Basler, C.F; Aguilar, P.V.; Zeng, H.; Solérzano, A.; Swayne, D.E.; Cox, N.J.; Katz, ].M.;
Taubenberger, ].K.; Palese, P; et al. Characterization of the reconstructed 1918 Spanish influenza pandemic
virus. Science 2005, 310, 77-80. [CrossRef]

Domi, A.; Moss, B. Cloning the vaccinia virus genome as a bacterial artificial chromosome in Escherichia
coli and recovery of infectious virus in mammalian cells. Proc. Natl. Acad. Sci. USA 2002, 99, 12415-12420.
[CrossRef]

Yao, X.-D.; Evans, D.H. High-frequency genetic recombination and reactivation of orthopoxviruses from
DNA fragments transfected into leporipoxvirus-infected cells. J. Virol. 2003, 77, 7281-7290. [CrossRef]
Noyce, R.S.; Lederman, S.; Evans, D.H. Construction of an infectious horsepox virus vaccine from chemically
synthesized DNA fragments. PLoS ONE 2018, 13, e0188453. [CrossRef]

Jackson, R.J.; Ramsay, A.J.; Christensen, C.D.; Beaton, S.; Hall, D.F.; Ramshaw, I.A. Expression of mouse
interleukin-4 by a recombinant ectromelia virus suppresses cytolytic lymphocyte responses and overcomes
genetic resistance to mousepox. J. Virol. 2001, 75, 1205-1210. [CrossRef]

Eitzen, E.M., Jr.; Takafuji, E.T. Historical overview of biological warfare. In Medical Aspects of Chemical and
Biological Warfare; Sidell, F.R., Takafuji, E.T., Franz, D.R., Eds.; Office of the Surgeon General, Borden Institute,
Walter Reed Army Medical Center: Washington, DC, USA, 1997; pp. 415-423.

Henderson, D.A. Smallpox—the Death of a Disease; Prometheus Books: Amherst, NY, USA, 2009.

McCollum, A.M.; Damon, LK. Human Monkeypox. Clin. Infect. Dis. 2014, 58, 260-267. [CrossRef] [PubMed]
Vaughan, A.; Aarons, E.; Astbury, J.; Balasegaram, S.; Beadsworth, M.; Beck, C.R.; Chand, M.; O’Connor, C.;
Dunning, J.; Ghebrehewet, S.; et al. Two cases of monkeypox imported to the United Kingdom, September
2018. Eurosurveillance 2018, 23. [CrossRef] [PubMed]


http://dx.doi.org/10.1128/JVI.79.20.13139-13149.2005
http://www.ncbi.nlm.nih.gov/pubmed/16189015
http://dx.doi.org/10.1016/j.vaccine.2007.11.095
http://www.ncbi.nlm.nih.gov/pubmed/18226434
http://dx.doi.org/10.1056/NEJMoa1705688
http://dx.doi.org/10.1128/AAC.04289-14
http://dx.doi.org/10.1093/jac/dku545
http://dx.doi.org/10.1126/science.1125134
http://dx.doi.org/10.1073/pnas.0609268104
http://www.ncbi.nlm.nih.gov/pubmed/17901212
http://dx.doi.org/10.1134/S1022795408080036
http://dx.doi.org/10.1016/j.cub.2016.10.061
http://dx.doi.org/10.3390/v9080200
http://www.ncbi.nlm.nih.gov/pubmed/28749451
http://dx.doi.org/10.1126/science.1072266
http://dx.doi.org/10.1126/science.1119392
http://dx.doi.org/10.1073/pnas.192420599
http://dx.doi.org/10.1128/JVI.77.13.7281-7290.2003
http://dx.doi.org/10.1371/journal.pone.0188453
http://dx.doi.org/10.1128/JVI.75.3.1205-1210.2001
http://dx.doi.org/10.1093/cid/cit703
http://www.ncbi.nlm.nih.gov/pubmed/24158414
http://dx.doi.org/10.2807/1560-7917.ES.2018.23.38.1800509
http://www.ncbi.nlm.nih.gov/pubmed/30255836

Viruses 2020, 12, 138 11 of 11

61. Erez, N.; Achdout, H.; Milrot, E.; Schwartz, Y.; Wiener-Well, Y; Paran, N.; Politi, B.; Tamir, H.; Israely, T.;
Weiss, S.; et al. Diagnosis of Imported Monkeypox, Israel, 2018. Emerg. Infect. Dis. 2019, 25, 980-983.
[CrossRef] [PubMed]

62. Gao, ], Gigante, C.; Khmaladze, E.; Liu, P; Tang, S.; Wilkins, K.; Zhao, K.; Davidson, W.; Nakazawa, Y.;
Maghlakelidze, G.; et al. Genome Sequences of Akhmeta Virus, an Early Divergent Old World Orthopoxvirus.
Viruses 2018, 10, 252. [CrossRef] [PubMed]

63. Gigante, C.M.; Gao, J.; Tang, S.; McCollum, A.M.; Wilkins, K.; Reynolds, M.G.; Davidson, W.; McLaughlin, J.;
Olson, V.A; Li, Y. Genome of Alaskapox Virus, a Novel Orthopoxvirus Isolated from Alaska. Viruses 2019,
11, 708. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.3201/eid2505.190076
http://www.ncbi.nlm.nih.gov/pubmed/30848724
http://dx.doi.org/10.3390/v10050252
http://www.ncbi.nlm.nih.gov/pubmed/29757202
http://dx.doi.org/10.3390/v11080708
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	History of Smallpox 
	Clinical Features of Smallpox 
	The History of Smallpox Vaccination 
	The WHO Smallpox Global Eradication Programme 
	Methods for the Diagnosis of Smallpox 
	Vaccines against Smallpox 
	Anti-Smallpox Chemotherapeutics 
	Variola virus Evolution 
	Genomic Manipulation of Orthopoxviruses and Synthetic Biology 
	Orthopoxviruses as Biothreat agents and Biorisks 
	References

