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Vaccinia virus (VACV), the prototype species of the Orthopoxvirus (OPV) genus, causes an occupational
zoonotic disease in Brazil that is primarily associated with the handling of infected dairy cattle. Cattle
and human outbreaks have been described in southeastern Brazil since 1999 and have now occurred
in almost half of the territory. Phylogenetic studies have shown high levels of polymorphisms among iso-
lated VACVs, which indicate the existence of at least two genetically divergent clades; this has also been
proven in virulence assays in a mouse model system. In humans, VACV infection is characterized by skin
lesions, primarily on the hands, accompanied by systemic symptoms such as fever, myalgia, headache
and lymphadenopathy. In this review, we will discuss the virological, epidemiological, ecological and
clinical aspects of VACV infection, its diagnosis and compounds that potentially could be used for the
treatment of severe cases.

� 2011 Elsevier B.V. All rights reserved.
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1. Introduction

In Brazil, bovine vaccinia (BV) is a disease that is caused by the
Vaccinia virus (VACV). BV mainly affects milking cows and the
dairy workers who have direct contact with those cows (Fig. 1C
and D). BV is a typical Orthopoxvirus (OPV) infection that produces
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Fig. 1. (A) Phase air-dried and (B) high resolution height pictures of Br-VACV particles visualized using atomic force microscopy (AFM). (C) VACV exanthematic lesions in
dairy cattle teats and (D) milker fingers during bovine vaccinia outbreaks.
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lesions that evolve with the classic profile of a pox infection.
Generally, dairy workers contract the infection through direct
contact with animals during the milking process; therefore, the
disease has been classified as an occupational zoonosis (Silva-
Fernandes et al., 2009; Lobato et al., 2005). Since 1999, outbreaks
in dairy cattle and humans have been described in Brazil. VACV
has been detected in cattle, humans, rodents, monkeys and horses
with and without clinical manifestations (Damaso et al., 2000; de
Souza Trindade et al., 2003; Trindade et al., 2004; Silva-Fernandes
et al., 2009; Brum et al., 2010; Abrahão et al., 2009a, 2010a).

The circulation of VACV in Brazil is significant in several re-
gards. On one hand, the emergence of this infection poses a danger
to public health and creates an economic burden for the dairy
industry; on the other hand, the spread of this virus in natural
environments and in domestic and wild animals presents an
opportunity to expand the understanding of the natural history
and evolutionary biology of VACV. Additionally, a clear under-
standing of the disease transmission risk factors and the extent
of transmission to other barnyard animals and wild animals or to
potential rodent reservoirs will provide data to support evidence-
based prevention polices.

The increasing interest in poxvirus biology, in combination with
a need for strategies to treat the infections caused by these viruses
in humans and domestic animals, has led to the production of a
wide array of compounds with potential anti-poxvirus activity.
Most of these drugs are in the initial phases of study, and few of
them are currently in human clinical trials or are commercially
available. However, the market for anti-poxvirus therapeutics is
growing rapidly, and new, safer, and more efficient compounds
are discovered (or rediscovered) almost every day. The main goals
to be achieved are the discovery of new compounds and the stan-
dardization of new regimens using one or more of these drugs to
avoid undesirable outcomes, such as host toxicity and the emer-
gence of drug-resistant viruses.

2. Vaccinia virus (VACV)

VACV was used in a worldwide vaccination campaign against
smallpox in which several strains, such as Lister and New York City
Board of Health (NYCBH), were distributed. In 1980, the World
Health Organization (WHO) announced the eradication of small-
pox. This incredible achievement was possible due to the wide-
spread use of VACV as a vaccine to prevent smallpox transmission
among humans (Fenner et al., 1988; Henderson, 2009).

Cowpox virus (CPXV) was the first virus to be used as a vaccine
against smallpox. There are few reports that showed when VACV
replaced CPXV as a smallpox vaccine. At the beginning of the
19th century, Edward Jenner reported the use of a virus isolated
from an exanthematic disease in horses. This virus was designated
‘‘horsepoxvirus’’ and in 1817, it was distributed to the National
Vaccine Establishment in Great Britain and, thereafter, to all parts
of Europe to be used as a smallpox vaccine (Fenner et al., 1989). Re-
cently, the genomic comparison of a virus named horsepox virus,
which was isolated from diseased horses, revealed that the virus
is closely related to other VACV strains (Tulman et al., 2006). The
origin of VACV has never been elucidated and remains obscure to
this day (Fenner et al., 1988).

Throughout the history of smallpox vaccination, several strains
of VACV with different degrees of virulence were used around the
world. With the creation of the Global Program for Smallpox Erad-
ication, less virulent strains became the official WHO choice for
mass vaccination (Henderson, 2009).

VACV is the prototype species of the Orthopoxvirus genus (fam-
ily Poxviridae; subfamily Chordopoxvirinae), which also includes the
Variola virus (VARV), Cowpox virus (CPXV), Monkeypox virus
(MPXV), Ectromelia virus (ECTV), Camelpox virus (CMLV), Rac-
coonpox virus, Taterapox virus and Volepox virus (Moss, 2007).

The genome of VACV is composed of a single linear
double-stranded DNA molecule of approximately 200 kilobase
pairs (kbp) with a hairpin loop at each end. The genes located near
the center of the genome generally encode conserved proteins re-
lated to essential functions in vitro such as DNA and RNA metabo-
lism and structural proteins. The genes located near the termini
of the genome encode proteins related to the host range and
evasion of the host immune system and are non-essential for repli-
cation in culture cells. At both the right and left ends of the genome,
there are repeated regions oriented in opposite directions, which, in
some cases (with the exception of VARV), encode some genes. These
regions are called inverted terminal repeats (ITRs). DNA sequencing
of the central genes reveals that genes common to VACV, VARV,
ECTV, CMLV and CPXV are greater than 90% identical (Moss, 2007).

Consistent with its complex structure, VACV encodes more than
200 genes that function in viral RNA synthesis, genome replication,
virus assembly and host defense (Moss, 2007). The virion contains
approximately 75 proteins, of which one third are enzymes in-
volved in early mRNA synthesis, one quarter are membrane pro-
teins, and the remainder are non-membrane structural proteins
(Condit et al., 2006). Morphologically, the VACV virion is a brick-
shaped structure with dimensions of 360 � 270 � 250 nm (Fig. 1A
and B). The mass of the mature virion was described to be 9.5 fg,
and its principal components are protein, lipid and DNA, which ac-
count for 90%, 5% and 3.2% of the dry weight, respectively (Moss,
2007).

Like other poxviruses, VACV has a complex replication cycle
(Fig. 2), which includes several infectious forms and a cytoplasmic
site of replication, that is uncommon among vertebrate DNA



Fig. 2. A schematic view of the poxvirus replication cycle and the targets of antiviral therapy (blue boxes). The replication cycle begins with the entry of one of the two types
of infectious particles, the mature virus (MV) or the extracellular virus (EV), by membrane fusion (only MV is shown). The viral DNA is then released into the cytoplasm,
where it is replicated and then packaged into virus particles. The first infectious form discernible by electron microscopy is the mature virus (MV), which is released only
when the cell lyses. A minor fraction of MVs are transported to the cell periphery and acquire two additional membranes from the Golgi apparatus to form the wrapped virus
(WV). The WV then fuses its external membrane with the plasma membrane of the cell and is released into the extracellular medium, where it becomes a double membrane-
bound extracellular virus (EV). Alternatively, the WV can fuse its external membrane with the plasma membrane but remain associated with the cell. When this occurs, the
viral protein A36 is phosphorylated, inducing the nucleation of actin monomers to form actin tails beneath the virus particle. These actin tails propel the virus particle to
neighboring cells, which provides a direct mechanism of cell-to-cell spreading. The particles associated with the actin filaments are referred to as cell-associated viruses. MV,
mature virus; WV, wrapped virus; VGF, vaccinia growth factor; EGFR, epidermal growth factor receptor.
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viruses (Moss, 2007). The stages of replication and morphogenesis
afford opportunities for therapeutic intervention. The stages of
VACV replication and the possible strategies for treatment are
illustrated in Fig. 2.

3. The clinical aspects of Brazilian-VACV (Br-VACV) infections

The clinical presentation of OPV infections is characterized by a
cutaneous manifestation with systemic or localized symptoms. The
Br-VACV is associated with infections in humans, bovines and
equines.

Lesions in BV-infected cattle are most frequently observed on
the teats and udders of lactating cows. The lesions appear as
bloody, painful wounds on large areas of the teat (Fig. 1C). The
course of infection from the vesicle stage to complete healing takes
2–4 weeks (Simonetti et al., 2007; Schatzmayr et al., 2009; Megid
et al., 2008; Lobato et al., 2005; Leite et al., 2005; de Souza
Trindade et al., 2003), and the incubation period lasts from 1 to
7 days (Schatzmayr et al., 2009; Megid et al., 2008). Suckling calves
can develop lesions on the face, and the disease is frequently clin-
ically misdiagnosed as foot and mouth disease in these animals
(Leite et al., 2005; Lobato et al., 2005). The neutralizing antibodies
against VACV-WR are raised to titers of 1280 PRNT50/ml in the con-
valescent phase (Simonetti et al., 2007; Costa et al., 2007; Lobato
et al., 2005). The infection rates in cows range from 60%
(Schatzmayr et al., 2009) to 100% (Silva-Fernandes, unpublished
data; Donatele et al., 2007).

Moreover, some cows develop mastitis due to secondary infec-
tions (Leite et al., 2005; Lobato et al., 2005). Milk has been shown
to be contaminated with Br-VACV (Abrahão et al., 2009c), and virus
particles remained infectious after thermal treatment at 65 �C for
30 min in experimentally contaminated milk, which suggests that
virus particles would also be present in solid curds and cheese
whey (de Oliveira et al., 2010).

Horses present painful intradermal papules (2–3 mm in diame-
ter) in the muzzle, between and surrounding the nares and on the
internal and external surfaces of the lips. The lesions frequently
showed a proliferative, verrucous aspect, with occasional exuda-
tion and bleeding upon manipulation. A similar pattern of lesions
(with vesicles and eruptions) was observed on the internal surface
of the lips, but without the presence of serous secretion. Small ves-
icles and papules were observed on the udder of a mare, and its
foal showed lesions on the muzzle. The duration of the clinical
symptoms was approximately 6–12 days, after which the animals
progressively recovered. The overall duration of the disease in
the herd was approximately 90 days (Brum et al., 2010).

In humans, VACV infection is characterized by the development
of skin lesions, principally on the hands, that appear as itchy
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nodular swellings (Silva-Fernandes et al., 2009; de Souza Trindade
et al., 2007; Leite et al., 2005; Abrahão et al., 2009a). Other localiza-
tions of the lesions have been described as the nasal vestibule, per-
iorbital and intraorbital areas (Silva et al., 2008; Megid et al., 2008),
face (Simonetti et al., 2007), legs, arms, scrotum (Schatzmayr et al.,
2000), mouth (Megid et al., 2008) and vulva (Schatzmayr et al.,
2009). After a few days, the nodular swellings become papules,
and local edema appears (Fig. 1D). The lesions evolve into umbili-
cated pustules surrounded by a strong inflammatory response.
Approximately 12 days after the initial appearance of the lesions,
they turn into necrotic and painful ulcers; after a short period of
time, all of the lesions develop into scabs, most of which slough
off. Exanthema is coincident with the development of peripheral
lymphangitis and lymphadenopathy. The disease progression is
accompanied by systemic influenza-like symptoms including
headache, myalgia, and fever. The systemic symptoms are present
for approximately 2–5 days (Megid et al., 2008) within days 3
through 20 following the initial onset of symptoms (Lobato et al.,
2005; Silva-Fernandes et al., 2009; Leite et al., 2005; de Souza
Trindade et al., 2007; Abrahão et al., 2009a). Other symptoms in-
clude anorexia, dehydration, arthralgia, nausea and sudoresis (Silva
et al., 2008; Nagasse-Sugahara et al., 2004; Medeiros Silva et al.,
2010). The exact incubation period of the infection is difficult to
determine, but it has been described as 3–5 days (Schatzmayr
et al., 2009). The whole progression of the disease takes 4 weeks.
Secondary bacterial infections have also been described
(Schatzmayr et al., 2009). Estimating the number of BV human
cases in the last decade is virtually impossible because misdiagno-
sis and underreporting are frequent. However, undoubtedly, the
most frequently BV-affected professionals are milkers and other
rural workers.
4. Diagnosis

The diagnosis of VACV is usually performed according to the
methods described for other OPV infections (Kulesh et al., 2004;
Lobato et al., 2005; Trindade et al., 2006; Saijo et al., 2008; Vesterg-
aard et al., 2008; Strenger et al., 2009). VACV diagnosis involves
clinical, serological, virological, microscopic and molecular tech-
niques (Lobato et al., 2005; Trindade et al., 2006; Trindade et al.,
2009). VACV has the potential to cause local vesicular-pustular le-
sions, which are associated with fever, lymphadenopathy, and
other symptoms (Silva-Fernandes et al., 2009). Due to the robust
humoral immune response caused by VACV, antibodies can be de-
tected with ELISA, immunofluorescence or plaque reduction neu-
tralization tests (PRNT) (Mota et al., 2010; Silva-Fernandes et al.,
2009; Abrahão et al., 2009a). Viruses can be isolated from vesicular
secretions and scabs through the inoculation of permissive cell
lines or the chorioallantoic membrane of embryonated hen’s eggs
(Leite et al., 2005; Abrahão et al., 2009a). Molecular and immuno-
logical techniques, including nested and semi-nested PCR (Abrahão
et al., 2009a,d) and ELISA (Silva-Fernandes et al., 2009), have been
widely applied in VACV diagnosis and research. The use of real-
time PCR for the detection of VACV directly from lesions, without
DNA or virus manipulation, was described by de Souza Trindade
et al. (2008). In this work, de Souza Trindade and colleagues de-
scribed a set of primers that allow for the identification of Br-VACV
based on a deletion in the A56R gene. Similar approaches also use
genetic markers to identify Br-VACV (Damaso et al., 2007).

Another technique used to identify OPV is microscopy. Viral
particles obtained from the lesions may be visualized by electron
microscopy after specimen fixation, staining and labeling (re-
viewed by Trindade et al., 2007b). A more elaborated alternative
for viral visualization is atomic force microscopy (Fig. 1A and B)
(Trindade et al., 2007b). Although microscopy is a widely accepted
technique for virus identification in outbreak situations, this ap-
proach is not suitable for routine diagnostics.
5. The diversity of the Br-VACV is shown by molecular and
biological characterization

During the last decade, several VACVs were isolated and charac-
terized in Brazil (Damaso et al., 2000; de Souza Trindade et al.,
2003, 2007; Leite et al., 2005; Trindade et al., 2006, 2009; Megid
et al., 2008; Abrahão et al., 2009a; Medaglia et al., 2009). When
outbreak notifications first began, the diagnosis of the etiologic
agent was the priority; therefore, it was difficult to propose a
hypothesis about the origin and genetic heterogeneity of the
samples. Today, however, reasonable amounts of genetic and bio-
logical data allow a wider view of the viral polymorphisms and
the relationships among these viruses.

In this context, the most important finding about the diversity
of Br-VACV is that there is a clear phenotypic and genetic dichot-
omy among the viruses (Trindade et al., 2007a; Drumond et al.,
2008; Ferreira et al., 2008a; Campos et al., 2011). This hypothesis
has been supported by studies of the partial genomic sequencing
of these viruses and by in vivo virulence studies (Trindade et al.,
2007a; Drumond et al., 2008; Ferreira et al., 2008a). In recent years,
several genes, including those for viral growth factor (VGF), thymi-
dine kinase (TK), interferon resistance (E3L), EEV surface glycopro-
tein (B5R) and type I interferon-binding protein (B18R), have been
used to characterize viral isolates (Damaso et al., 2000; de Souza
Trindade et al., 2003, 2007; Leite et al., 2005; Trindade et al.,
2006, 2009; Abrahão et al., 2009a; Medaglia et al., 2009; Campos
et al., 2011).

Another genetic marker used in the characterization and differ-
entiation of Br-VACV is the A-type inclusion body gene (ATI). This
gene is truncated in all VACVs and is probably associated with the
low conservation pressure on the open reading frame (Leite et al.,
2007). Previous studies have indicated that there is genetic vari-
ability in the ATI gene among some Br-VACVs. To further investi-
gate this variability, Leite et al. (2007) performed molecular
analysis of the internal region of the ATI gene of eight Br-VACVs.
Though the internal region of this gene was similar in SAV and
the VACV Western Reserve (WR) strain, Muriae virus (MURV),
GP2V, PSTV and ARAV all exhibited two blocks of deletions in the
analyzed region (Leite et al., 2007). In addition, the ATI gene was
almost entirely deleted from three other Br-VACV: VBH, GP1V
and BAV (Leite et al., 2007). Therefore, ATI varies significantly
among Br-VACVs, which reinforces the idea that most Br-VACVs
are genetically heterogeneous and should be treated as separate
entities rather than as isolates of the same strain in different areas
and circumstances.

The most widely used genetic marker in Br-VACV studies is the
gene encoding the viral hemagglutinin (A56R) (Fig. 3) (Damaso
et al., 2000; de Souza Trindade et al., 2003; Leite et al., 2005;
Trindade et al., 2006, 2009; Abrahão et al., 2009a; Medaglia et al.,
2009). This gene deserves attention because many Br-VACV sam-
ples have a deletion of 6 amino acids (aa) at the C-terminus
(Fig. 3) (Damaso et al., 2000; Abrahão et al., 2009a; Medaglia
et al., 2009; Campos et al., 2011). The Br-VACV Araçatuba virus
(ARAV), Cantagalo virus (CTGV), Passatempo virus (PSTV),
GuaraniP2 virus (GP2V), Serro virus (S2V), Mariana virus (MARV)
and Pelotas2 virus (P2V) (group 1, Fig. 4), among others, also have
a deletion of 6 aa at position 251 in A56R (Damaso et al., 2000; de
Souza Trindade et al., 2003; Leite et al., 2005; Trindade et al., 2006,
2009; Abrahão et al., 2009a; Campos et al., 2011). Despite this
common deletion, the viruses have several unique nucleotide (nt)
substitutions throughout the A56R gene. Hypothetically, these
substitutions should allow some viruses to be identified as single



Fig. 3. A fragment of A56R nucleotide sequences of VACV samples and a comparison with the homologous gene sequences from several orthopoxviruses. The alignment shows
the deletion signature region in several Br-VACV isolated during bovine vaccinia outbreaks. The alignments were made with ClustalW (Thompson et al., 1994) and MEGA
version 3.1 software (Kumar et al., 2004).

Fig. 4. The consensus bootstrap phylogenetic tree based on the nucleotide
sequences of the A56R hemagglutinin (HA) gene. The tree was constructed with
HA sequences by using the neighbor-joining method with 1000 bootstrap replicates
and the Tamura 3-parameter model in MEGA version 3.1 software (Kumar et al.,
2004). The bootstrap values >40% are shown. The nucleotide sequences were
obtained from GenBank. The black dots and black squares indicate the Vaccinia
virus (VACV) characterized by our lab. The Figure highlights the dichotomy among
Br-VACV.
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entities and to not be considered as multiple isolates of the same
virus. Furthermore, some Br-VACVs do not exhibit a deletion in
the A56R gene (group 2, Fig. 4); such Br-VACVs include GuaraniP1
virus (GP1), Belo Horizonte virus (VBH), Pelotas1 virus (P1V), and
the viruses isolated during the 60’s and 70’s in the Brazilian for-
ests: BeAn58058 virus (BAV) and SPAn-232 virus (SAV) (Trindade
et al., 2004, 2006; Fonseca et al., 1998; da Fonseca et al., 2002).
Phylogenetic analysis, based on the A56R gene sequences, shows
a clear segregation of Br-VACV into two well defined groups
according to the described gene deletion pattern (Fig. 4) (Trindade
et al., 2007a; Drumond et al., 2008). Also, in the context of the A56R
gene, some studies have examined the similarity between the
Br-VACV and the viruses used as vaccines during the WHO small-
pox eradication campaign. Drumond and colleagues analyzed A56R
and several other genes present in the viral ITRs and demonstrated
that Lister–Butantan (LST–BTT), a vaccine strain used in Brazil dur-
ing the WHO campaign, did not cluster directly with the Br-VACV
(Drumond et al., 2008). Although the IOC vaccine strain presents
the same 18 nt deletion (Fig. 3), this strain presents nucleotide sub-
stitutions throughout the gene that are not shared by Br-VACV,
which causes IOC to cluster with other vaccine strains (Trindade
et al., 2007a; Drumond et al., 2008). Therefore, the most recent
and comprehensive genetic studies suggest that the origin and nat-
ural history of the Br-VACV are distinct from those of the vaccine
strains used in Brazil (Trindade et al., 2007a; Drumond et al., 2008).

The dichotomy of the Br-VACV, indicated mainly by the genetic
analysis of the A56R gene, can also be extended to the biological le-
vel. Ferreira and colleagues (2008a) demonstrated that BALB/c
mice that were intranasally infected with the Br-VACV exhibited
one of two well defined outcomes: (a) acute respiratory illness fol-
lowed by death or (b) complete absence of clinical symptoms.
Interestingly, the clusters of viruses involved in each of these out-
comes are exactly the same as those observed in the A56R phyloge-
netic analysis. Ferreira et al. (2008a) showed that GP1V, VBH, BAV
and SAV cause clinical symptoms in mice, including an arched
back, ruffled fur, laborious breathing, and decreased activities fol-
lowed by death. Some of the infected mice exhibited outcomes
such as balanoposthitis and periocular alopecia. Animals intrana-
sally inoculated with ARAV, GP2V and PSTV did not show any
apparent clinical signs (Ferreira et al., 2008a). Despite this remark-
able difference in virulence and pathogenesis between the two
groups, no difference in the severity of injuries in humans and cat-
tle was observed or reported from the outbreaks during which the
specimens were collected. A comprehensive list of some Br-VACVs
isolated so far, together with the associated polymorphisms in ATI
and HA genes, in addition to their virulence in mice are shown in
Table 1.

Another special feature regarding the Br-VACV is the co-circula-
tion and co-infection of distinct viral strains. The first reported case
of this phenomenon was the isolation of two different VACVs
(GuaraniP1 and GuaraniP2) from two neighboring properties,
10 km (6.25 miles) apart from each other, that were affected by
BV during the same outbreak in Guarani county in 2001 (Trindade
et al., 2006). In 2008, the VACV Pelotas1 virus and Pelotas2 virus
were isolated from the same equine exanthematic lesion (Brum
et al., 2010; Campos et al., 2011). Pelotas viruses presented 95.6%
similarity in the A56R nt sequences (Campos et al., 2011), and Gua-
rani viruses presented 95.1% similarity (Trindade et al., 2006).



Table 1
Isolated Br-VACV and the associated polymorphisms in the ATI (A26L) and HA (A56R) genes.

Isolate Year/site of
isolation

Associated host ATI gene (nt)/protein 18 nt deletion in
A56R (HA)

Virulence in
BALB/c mice

Reference

BeAn58058 virus
(BAV)

1963/Belém-PA Oryzomys spp. (rodent) Almost entirely deleted
(�300 bp)

No High Fonseca et al. (1998)

SPAn-232 (SAV) 1960’s/Cotia-SP Mus musculus (Sentinel
mice)

Similar to VACV-WR
(�1.600 bp)

No High da Fonseca et al. (2002)

Belo Horizonte
virus (VBH)

1993/Belo
Horizonte-MG

Mus musculus (Laboratory
Swiss mice)

Almost entirely deleted
(�300 bp)

No High Diniz et al. (2001), Trindade
et al. (2004)

Cantagalo virus
(CTGV)a

1999/Cantagalo-
RJ

Bos taurus 94 kDa protein Yes Unknown Damaso et al. (2000)

Araçatuba virus
(ARAV)a

1999/Araçatuba-
SP

Bos taurus Two blocks of deletions
(�1.500 bp)

Yes Low de Souza Trindade et al.
(2003)

Muriaé virus
(MURV)a

2000/Muriaé-
MG

Homo sapiens Unknown Yes Unknown Trindade et al. (2007a)

GuaraniP1 virus
(GP1V)a

2001/Guarani-
MG

Bos taurus Almost entirely deleted
(�300 bp)

No High Trindade et al. (2006)

GuaraniP2 virus
(GP2V)a

2001/Guarani-
MG

Bos taurus Two blocks of deletions
(�1.500 bp)

Yes Low Trindade et al. (2006)

Passatempo virus
(PSTV)a

2003/
Passatempo-MG

Bos taurus Two blocks of deletions
(�1.500 bp)

Yes Low Leite et al. (2005)

Pelotas 1 virus
(P1V)b

2008/Pelotas-RS Eqqus caballus Unknown No High Brum et al. (2010), Campos
et al. (2011)

Pelotas 2 (PV2)b 2008/Pelotas-RS Eqqus caballus Unknown Yes Low Brum et al. (2010), Campos
et al. (2011)

Mariana virus
(MARV)

2008/Mariana-
MG

Mus musculus, Bos taurus,
Homo sapiens

Unknown Yes Low Abrahão et al. (2009a)

a Isolated during bovine vaccinia outbreaks.
b Isolated from an exanthematic lesion in a Creole horse.
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VACV co-infection with Pseudocowpox virus in humans and
cattle was also described during a BV outbreak (Abrahão et al.,
2010b). These findings indicate that intra- or inter-specific co-
circulation/co-infections of poxviruses is relatively frequent in
Brazilian rural areas. VACV and other poxviruses have a large range
of hosts and could, theoretically, infect the same host. The conse-
quences of co-infection are still unpredictable. However, the pres-
ence of several VACV subpopulations or of VACV and other virus
species in the same lesion could lead to phenotype complementa-
tion and the replication of many viral variants, even those not
adapted to a specific host.

Viral recombination cannot be neglected (McLysaght et al.,
2003), as was suggested by Drumond and colleagues (2008). All
of these factors could help maintain genetic diversity in poxvirus
subpopulations or in species that randomly coexist and evolve
together.
6. The epidemiological and ecological evidence of the Br-VACV
spread

In the 1960s, a government-supported program was developed
with the aim to search for and identify circulating arboviruses in
specific parts of Brazil. The first Br-VACVs isolated in Brazil were
found in this context. The BeAn58058 virus (BAV) was isolated
from a wild rodent of the Oryzomys genus that was captured near
the edge of a deforested area bordered by the rain forests in Para
State, a part of the Brazilian Amazon basin. Additionally, the
SPAn-232 (SAV) and Cotia viruses were repeatedly isolated from
sentinel mice that were exposed at forested areas around the city
of São Paulo in the southeastern region of Brazil (Lopes et al.,
1965; Fonseca et al., 1998; da Fonseca et al., 2002).

During the modern history of smallpox vaccination, several
strains of VACV showing different degrees of virulence were used
around the world until the Global Program for Smallpox
Eradication was created (Henderson, 2009). Under the rules of this
globalized program, less virulent strains quickly became the
official WHO choice for mass vaccination. Several of these strains
were used in Brazil. During the 1970s and 1980s, some sporadic
VACV infections affecting cows and humans were reported in sev-
eral states around the country (Moussatché et al., 2008; Trindade
et al., 2007a). At the beginning of the 1990s, a VACV was isolated
from laboratory mice during a mousepox-like outbreak at the ani-
mal facility of the Biological Institute of the Federal University of
Minas Gerais State (Diniz et al., 2001; Trindade et al., 2004).

After the WHO declared that smallpox had been eradicated in
1979, mass vaccination was stopped, and VACV manipulation
was limited to laboratory environments, mostly as a tool for for-
eign protein expression. As mass vaccination was stopped, no spo-
radic outbreaks in bovine herds or humans were described until
the end of the 1990s, when an increasing number of zoonotic VACV
outbreaks affecting dairy cattle and their handlers were reported in
different areas of the Brazilian countryside (Damaso et al., 2000;
Schatzmayr et al., 2000; de Souza Trindade et al., 2003, 2007;
Nagasse-Sugahara et al., 2004; Leite et al., 2005; Simonetti et al.,
2007; Silva et al., 2008; Megid et al., 2008; Medaglia et al., 2009;
Silva-Fernandes et al., 2009; Schatzmayr et al., 2009).

The Southeast region of Brazil, which contains many dairy prop-
erties, has been especially affected by the BV outbreaks (Fig. 5). The
first BV cases were described in the states of Rio de Janeiro and São
Paulo. However, within the past 11 years, several cases of bovine
and human infections associated with similar outbreaks have been
reported in other areas of the country. These outbreaks seem to be
spreading radially from an epicenter in the southeast and central
regions of Brazil. Recently, an outbreak affecting Creole horses
was described in southern Brazil (Brum et al., 2010; Campos
et al., 2011). VACV has also been recently detected in wild monkeys
rescued from a flooded area in the Amazon region (Abrahão et al.,
2010a). To date, BV is a multi-state disseminated disease that has
officially been reported in 11 of the 26 Brazilian states. VACV is
widely distributed in all geographical regions of Brazil, including
at least five of the six national biomes (Fig. 5A), with emphasis
on areas of intense anthropogenic disturbances, which are mainly
represented by the areas of the tropical rainforest and the Brazilian



Fig. 5. (A) A map of Brazil showing the distribution of the six ecological biomes. The dotted box includes part of the central and southeast where the first outbreaks were
reported in Brazil, in São Paulo, Rio de Janeiro, Minas Gerais, Goiás and Espírito Santo states. The black circles represent the states where outbreaks of bovine vaccinia have
been reported in humans, cattle and horses. The stars represent the areas where the VACV has been isolated from rodents. (B) The dotted box shows the vegetation map of
Brazil, highlighting the southeast where most outbreaks have been described. Note the large area of disturbed region (in gray). The maps have been modified from the
Brazilian Institute for Geography and Statistics (IBGE), 2011 (http://www.ibge.gov.br).
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savanna, and the transition regions between those biomes (da
Fonseca et al., 2011) (Fig. 5B). In addition, the detection of VACV
infections in hosts other than cattle and humans highlights the fact
that the virus may jump between several mammalian host species
across the country. Reinforcing these observations, a recent study
demonstrated the presence of VACV in a peridomestic rodent
(Mus musculus) that was trapped in a BV outbreak area (Abrahão
et al., 2009a).

In Brazil, there is little information about the natural host of
VACV. In addition to their presence in rodents, humans and
barnyard animals such as cows and horses, VACVs have been de-
tected in wild capuchin and black-howling monkeys in the Bra-
zilian Amazon in northeastern Brazil (Abrahão et al., 2010a).
The spread of VACV in northeastern Brazil has been reported,
and cases of BV outbreaks in the Amazon region have also been
described recently (Medaglia et al., 2009; Mota et al., 2010; Quix-
abeira-Santos et al., 2011). The relationship between infected
monkeys and the emergence of VACV in the rural regions of
Brazil is still unknown, but these findings clearly indicate that
the virus is well established in the wild and in rural environ-
ments. The anthropogenic disturbance of the Amazon ecosystem
and the expansion of the agricultural and livestock areas increase
contact between the wildlife and rural populations (Abrahão
et al., 2010a; Mota et al., 2010); we believe that this may under-
lie the emergence of BV in the Brazilian Amazon basin. There is a
consensus that the emergence of infectious diseases is directly
related to social, economic and environmental determinants
(Jones et al., 2008). In several cases, the advancement of agricul-
ture and livestock in natural areas has generated contact be-
tween humans and their domestic animals with wild animal
populations in their habitats. This close contact facilitates the
spread of infectious and parasitic agents to new hosts and envi-
ronments, thus establishing new relationships between hosts and
parasites and new ecological niches in the chain of disease trans-
mission. As a consequence of these interactions, epidemic zoono-
ses such as BV emerge.
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As previously discussed, VACV has been isolated from several
species of rodents, including lab mice, sentinel mice, peridomestic
and wild mice. Although several VACVs have been isolated from
lab, sentinel and peridomestic rodents (Trindade et al., 2004; da
Fonseca et al., 2002; Abrahão et al., 2009a), BAV was isolated from
a wild rodent of the Oryzomys genus (Fonseca et al., 1998). This
genus comprises several wild species that circulate in a large
region of the country and live in varied habitats, ranging from
tropical rainforest to savanna landscapes such as the Brazilian
Cerrado and Caatinga, including border regions between different
phyto-ecological systems (Fundação Nacional de Saúde, 2002).
These rodents may have access to peridomestic areas through
the expansion of farming areas on the forest edge (Abrahão et al.,
2009a). Zoonotic viral agents associated with rodents have consid-
erable relevance to public health in the tropical regions of the
world (Emonet et al., 2009; Dearing and Dizney, 2010; Charrel
and de Lamballerie, 2010). Because the mammalian fauna of Brazil
is extremely rich, comprising approximately 12% of the 5416 mam-
malian species described worldwide (Wilson and Reeder, 2005),
other species of wild and synanthropic rodents should also be
evaluated as potential natural VACV reservoirs.
7. Combining epidemiological and molecular data: where does
Br-VACV come from?

One of the most intriguing questions about Br-VACV biology is,
‘‘where do these isolates come from?’’ Currently, there are two
non-exclusive hypotheses to explain the origins of the Br-VACV.
The first one is that Br-VACVs derived from a vaccine strain that es-
caped to the wild when smallpox vaccination was routine, accu-
mulated mutations during several transmission cycles in wild
host populations, and recently emerged, causing the BV outbreaks
(Damaso et al., 2000; Simonetti et al., 2007; Schatzmayr et al.,
2009; Megid et al., 2008; Lobato et al., 2005; Leite et al., 2005;
de Souza Trindade et al., 2003). According to this hypothesis, there
is little genetic and phenotypic variation between the virus iso-
lated from BV outbreaks and the vaccine strains used in Brazil dur-
ing the WHO smallpox vaccination campaign. The second
hypothesis is that there is an existing population with genetic
and phenotypic diversity of the VACV strains that circulates in
the unknown natural reservoir populations. Some of these strains
are then transmitted to the accidental hosts (cows and humans)
depending on biological and geographical conditions.

The best way to answer this question would be to put to-
gether data collected from the epidemiological and molecular
fields. Using this approach, we believe that the second hypothe-
sis would better explain the epidemiology of BV. First, there is
extensive genetic and phenotypic diversity among Br-VACVs,
and the isolates are phylogenetic separated from vaccine strains
used in Brazil (Fig. 4) (Trindade et al., 2007a; Drumond et al.,
2008; Ferreira et al., 2008a). Moreover, VACV isolated from wild
animals also are quite different compared with the vaccine
strains (Abrahão et al., 2010a). Additionally, it is well known that
Br-VACVs cause an acute disease, which does not have a long
chain of transmission between cows and humans. This means
that these pathogens have a basic reproductive number (R0) be-
low one (Damaso et al., 2000; Schatzmayr et al., 2000; de Souza
Trindade et al., 2003, 2007; Nagasse-Sugahara et al., 2004; Leite
et al., 2005; Simonetti et al., 2007; Silva et al., 2008; Megid
et al., 2008; Medaglia et al., 2009; Silva-Fernandes et al., 2009;
Schatzmayr et al., 2009). In theory, each one of the isolates from
the BV outbreaks is the result of a new introduction of the virus
from the wild reservoir to the bovine and human populations,
which is probably related to the intensification of anthropogenic
activities in Brazil (Abrahão et al., 2009a). The finding of two dif-
ferent VACV strains isolated from two close rural proprieties at
the same time seems to corroborate this (Trindade et al.,
2006). If this hypothesis is true, it would be quite unlikely that
some VACV strains isolated in recent years may represent re-
peated isolation of the same vaccine strain.
8. A hypothesis about the VACV transmission cycle

Despite the recent advances in the molecular characterization
of the Br-VACV, some important biological aspects remain un-
known. Due to the large VACV host range and a lack of knowledge
regarding all of the possible routes of VACV transmission, it is dif-
ficult to propose a solid and complete hypothesis of the VACV cycle
of life. In most cases, the spread of BV during an outbreak is related
to an infected milker with hand lesions that spread the virus to the
herd during the milking process (Lobato et al., 2005; Silva-Fernan-
des et al., 2009). Most of the epidemiological retrospective studies
point to infected milkers and cattle commercialization as the initial
causes of BV outbreaks; however, the origins of the outbreaks are
unknown in some cases (Trindade et al., 2006; Leite et al., 2005;
Lobato et al., 2005; Silva-Fernandes et al., 2009). An infected milker
sheds virus particles during some weeks, which leads to the infec-
tion of a high percent of the herd by occupational contact (Lobato
et al., 2005). The ‘‘milker’’ factor can worsen the BV problem if the
same person keeps contact with the animals from distinct farms,
which is very common in Brazilian rural areas. Therefore, direct
contact between cattle and humans is the most described way of
Br-VACV transmission. Cattle-to-cattle transmission is frequently
reported, especially during calf feeding (Leite et al., 2005); hu-
man-to-human transmission was also described (Batista et al.,
2009).

However, some VACV outbreaks are temporally and spatially
distant from the previously reported BV outbreak areas. In those
cases, the focal origin of the outbreaks is sometimes unknown.
Moreover, BV usually occurs during the dry season when some Bra-
zilian biomes have a scarcity of food, which leads some wild spe-
cies to search for food in farm storehouses and corrals. Rats,
mice, opossums, foxes, wild dogs and small cats are frequently ob-
served around farming areas (Abrahão et al., 2009a). In theory,
some of these species, especially rodents, could be VACV reservoirs.
A recent study developed by our group showed that peridomestic
rodents, such as the Mus musculus and the Rattus rattus species,
could be carriers of VACV between forests and farm facilities. In
this study, a VACV named Mariana virus was concomitantly iso-
lated from a peridomestic mouse, a milker and an infected cow,
indicating that rodents around the farms could represent a hypo-
thetical risk factor (Abrahão et al., 2009a). Moreover, the detection
of VACV in rodents and monkeys in the Brazilian forests indicate
that VACV may have circulation in the wild (Lopes et al., 1965;
Abrahão et al., 2010a). The impact of anthropogenic activities on
the VACV emergence from the wild is a matter of investigation.

By taking all of this information into account, a hypothetical
VACV (Fig. 6) transmission model in which peridomestic rodents
act as a connection between wildlife and animals in the rural envi-
ronment has been suggested (Abrahão et al., 2009a). According to
this ecological model of VACV transmission, peridomestic rodents
could be infected by wild animals around the farms through terri-
torial fights, aspiration or ingestion of contaminated excrement,
consumption of contaminated carcasses or consumption of food
containing the saliva of an infected animal. Some infected perido-
mestic rodents eventually return to the farms, introducing VACV
into the bovine and human populations by excrement or direct
contact. Peridomestic mice and rats could be infected with VACV
after coming into contact with bovine or human scab fragments
or contaminated milk, excrement or fomites. This hypothesis can



Fig. 6. A hypothetical model of the VACV transmission cycle. Peridomestic rodents can promote the transmission of VACV between wild animals and cattle or humans
because they have access to farm facilities and plantations. Solid lines indicate experimentally determined data, and dashed lines represent hypothetical propositions that are
still under investigation.
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be partially supported by a recent study in which D’Anunciação
and colleagues (2011) showed the infection of BALB/c mice ex-
posed to the feces of cows that had been experimentally infected
with VACV-GP2V (D’Anunciação et al., in press). Subsequently,
the infected peridomestic rodents could spread VACV to wild ani-
mals when they are predated, via their feces or carcasses, or during
fights. Previous studies demonstrated that BALB/c mice intrana-
sally inoculated with Br-VACV shed viral particles and DNA in their
feces for at least 30 days post-infection (d.p.i.). Sentinel mice ex-
posed to murine excrement contaminated with VACV also become
infected and shed viral particles and DNA in their feces (Ferreira
et al., 2008b). A similar viral shedding profile was shown for other
OPVs in rats (Maiboroda, 1982). Moreover, the long-lasting stabil-
ity of VACV in murine feces exposed to environmental conditions
was recently demonstrated, which raised important questions re-
lated to the viral circulation and maintenance among peridomestic
and wild rodents (Abrahão et al., 2009b; Ferreira et al., 2008b).
Although less probable, the possibility of direct VACV transmission
between wild animals and humans/cattle cannot be ruled out
(Abrahão et al., 2009a). Additional studies are required to elucidate
the complex VACV transmission dynamics, especially when con-
sidering the virus’s large host range.
9. How is the disease controlled in the host?

The progression of the disease and the clinical signs observed in
these Br-VACV outbreaks are invariably similar to the clinical
descriptions of CPXV infections in Europe (Honlinger et al., 2005;
Coras et al., 2005).

Neutralizing antibodies were detected (Schatzmayr et al., 2009;
Silva-Fernandes et al., 2009; de Souza Trindade et al., 2007; Abra-
hão et al., 2009a), and IgG or IgM have been detected in patients by
ELISA (Silva-Fernandes et al., 2009). DNAemia has also been de-
scribed in the sera of naturally infected humans (Silva-Fernandes
et al., 2009; Abrahão et al., 2010b), intranasally infected BALB/c
mice (Ferreira et al., 2008a) and wild monkeys (Abrahão et al.,
2010a), as has been described for the CPXV (Nitsche et al., 2007).

The immune mechanisms of protection in secondary poxvirus
infections are well known, as antibodies are thought to be at the
core of long-term protection against subsequent OPV infections
in previously immunized individuals (Hammarlund et al., 2003;
Belyakov et al., 2003; Edghill-Smith et al., 2005; Panchanathan
et al., 2010). However, the mechanism of virus clearing in primary
poxviruses’ infections is not known. In this respect, essential and
complementary functions for both the innate and adaptive re-
sponses have been suggested (Lauterbach et al., 2010; Mota
et al., 2011), but the identification of the isolated functions for each
compartment of the immune response is controversial. In VACV
infections of mice, the T cell response seems to be sufficient for
virus clearing and host survival in models of infection that mimic
the scarification route used to vaccinate humans against smallpox
(Neyts et al., 2004; Mota et al., 2011). Using other routes of infec-
tion, Xu and coworkers showed that abrogation of T CD4+ and B cell
responses led to a more severe infection outcome (Xu et al., 2004).
However, when species-specific OPV, such as ECTV, are used to in-
fect mice, both CD8+ cell function and antibody responses are
essential, as abrogation of these functions renders animals unable
to contain and clear the infection (Fang and Sigal, 2005; Chaudhri
et al., 2006).

The Br-VACV outbreaks represent an important opportunity to
understand aspects of the human immune responses during an
acute OPV’ infection on a population scale. We have recently ana-
lyzed aspects of the immune responses to VACV during zoonotic
BV outbreaks in the rural regions of southeast Brazil. Peripheral
blood mononuclear cells (PBMCs) from an infected patient showed
low proliferative responses and low production of cytokines after
stimulation with VACV antigens in vitro. The levels of IFN-c pro-
duction and the levels of other T cell activation markers, such as
CD25, were surprisingly lower in the infected patient than in the
uninfected control subjects (Trindade et al., 2009). Additionally,
analysis of cell populations and subpopulations of the PBMCs of a
large group of infected individuals presented a marked decrease
in the activation status of B cells, T CD4+ cells and CD14+ cells
when compared to non-infected controls. Our group has recently
submitted these results for publication (Gomes et al., submitted).
10. Therapeutic agents to treat OPV infections

The threat of an intentional release of VARV and the recent
emergence of zoonotic MPXV in Africa (Di Giulio and Eckburg,
2004) and VACV in Asia and Brazil (Bhanuprakash et al., 2010;
Trindade et al., 2007a) has further increased the public health rel-
evance of OPV. Moreover, patients with an immune deficiency are
more likely to have severe outcomes when infected with these zoo-
notic viruses or when vaccinated against smallpox (Bray and
Wright, 2003). Hence, there is a need for secure and effective drugs
to treat acute OPV infections (Parker et al., 2008). Drugs with
proved antipoxviral activity in vitro and their modes of action are



Table 2
Anti-poxviral compounds classified by their mode of action.

Therapeutic agent Mode of action Effective
concentration
in vitro

Clinical trial Adverse reactions References

Cell penetrating
peptides (CPP)

Inhibitor of viral
entry

15 lM No Not tested in vivo Altmann et al.
(2009)

Nigericin Inhibitor of early
gene expression
and DNA
replication

7.9 nM in
human cells
(HeLa)

No Highly toxic in vivo Myskiw et al.
(2010)

Cidofovir (CDV),
CMX001

Nucleotide analogs
(DNA replication
inhibitors)

CDV: 46 lM;
CMX001:
0.8 lM

Yes. Currently licensed for the treatment
of CMV retinitis (Vistidine™). CMX001 is
regulated for smallpox under the
‘‘Animal Rule’’ efficacy

Resistant strains may emerge;
Nephrotoxicity (can be alleviate with
the use of probenecid). CMX001 is not
toxic and is orally available

De Clercq
et al. (1986),
Lanier et al.
(2010)

STI-571 (Gleevec™) Inhibitors of virus
release and spread

10 lM in
simian cells
(BSC-40)

No for poxvirus treatment. Licensed for
the treatment of certain types of cancer.

Inhibition of the physiological functions
played by EGFR and Abl family kinases
in non-infected cells

Reeves et al.
(2011)

Gefitinib (Iressa™) Inhibitors of virus
release and spread

10 lM No for poxvirus treatment. Licensed in
US and Europe for the treatment of
patients with non-small cell lung cancer
(NSCLC)

Inhibition of the physiological functions
played by EGFR and Abl family kinases
in non-infected cells

Langhammer
et al. (2011)

ST-246 Inhibitors of virus
release and spread
(acts on F13L ORF
of VACV)

0.01 lM in
VERO

FDA phase II clinical trials Resistant strains may emerge Yang et al.
(2005)

RNA interference
(RNAi)

Inhibition of
protein expression

As low as
1 nm

No Not described Dave et al.
(2006), Vigne
et al. (2008,
2009)

Imiquimod Immune Response
Modifiers (IRMs)

1–5% topical
cream

Licensed for the treatment of genital
warts caused by HPV. A few studies for
the treatment of poxvirus infections

Moderate/severe local inflammatory
response

Tarbet et al.
(2011)

Ethnopharmacological
compounds

Unknown Vary. Between
20 and 50 lg/
ml in most
studies

No Not tested in vivo Valadares
et al. (2009),
Brandao et al.
(2010a,b)
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described in Table 2 and Fig. 2. In the main text, only those drugs
that are the most promising for use in humans are discussed fur-
ther. In the context of the increasing number of BV outbreaks,
the identification of possible therapeutic agents is important.
10.1. Cidofovir (CDV)

Cidofovir (CDV) is an acyclic nucleoside phosphonate that has a
broad activity against several DNA viruses (De Clercq et al., 1986)
and acts as an inhibitor of viral DNA polymerases (De Clercq,
2002). CDV is the only drug now licensed to treat OPV infection un-
der the Investigational New Drug status (Parker et al., 2008). CDV is
efficient both in vitro (Keith et al., 2003; Jesus et al., 2009) and
in vivo as a prophylactic and therapeutic drug in mice infected with
VACV and CPXV (Quenelle et al., 2003, 2004; Smee et al., 2004;
Neyts et al., 2004). Furthermore, CDV has proven efficacy against
MPXV infection in cynomolgus monkeys (Stittelaar et al., 2006).
Topical CDV has been used in patients with recalcitrant moluscum
contagiosum (Toutous-Trellu et al., 2004) and orf virus infections
(Geerinck et al., 2001). However, CDV has poor oral availability
and some degree of nephrotoxicity, which can be alleviated by
the concomitant use of probenecid. Another drawback is the gen-
eration of viral resistance to the drug, which maps to two aa sub-
stitutions in the viral DNA polymerase (Gammon et al., 2008).
However, all mutant viruses resistant to CDV are less virulent than
wild-type viruses in mice (Gammon et al., 2008).
10.2. Cmx001

Some chemically modified CDVs have been described, such as
the derivate CMX001 (Lanier et al., 2010; Sliva and Schnierle,
2007; Keith et al., 2003), which can be administered orally and is
less nephrotoxic and has a much lower EC50 than CDV (Table 2)
(Lanier et al., 2010).

10.3. Inhibitors of Src and Abl family kinases

OPVs have a complex morphogenetic pathway that includes the
polymerization of actin tails, which propel virus progeny into
neighboring cells (Fig. 2). The nucleation of actin tails requires the
phosphorylation of the A36 protein by Src and Abl family kinases.
Inhibitors of Abl family kinases, such as STI-571 (Gleevec), have
been shown to block EEV release and limit the spread of infection
in vivo (Reeves et al., 2005). It has been reported that VARV and
MPXV use this conserved pathway to release CEVs and that an
inhibitor of both Src and Abl family kinases (Dasatinib, also called
Sprycel) limits the spread of VACV, VARV and MPXV in vitro (Reeves
et al., 2011).

10.4. Gefitinib

VACVs and other OPVs have evolved several mechanisms to in-
duce a proliferative state in infected and neighboring cells, includ-
ing the production of the vaccinia growth factor (VGF), an early
viral protein homolog to the epidermal growth factor (EGF) of
mammals (de Magalhaes et al., 2001; Andrade et al., 2004). VGF
is involved in pathogenesis presumably by activating the prolifer-
ative and anti-apoptotic state in the cell after binding to the EGF
receptor (Tzahar et al., 1998; Lai and Pogo, 1989). Gefitinib
(Iressa™) is an orally available small molecule tyrosine kinase
inhibitor that is licensed in the US and Europe for the treatment
of patients with non-small cell lung cancer. Treatment of human
HepG2 cells with gefitinib at concentrations as low as 10 lM de-
creases the replication and plaque size of VACV and CPXV (Lang-
hammer et al., 2011).
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10.5. St-246

ST-246 is a small molecular compound that was identified in a
high-throughput screen for inhibitors of the cytopathic effects of
OPV (Yang et al., 2005). This compound is efficient in vitro against
several OPVs (Duraffour et al., 2007; Smith et al., 2009). ST-246
prevents the morbidity and mortality of VACV infection in mice
(Berhanu et al., 2009, 2010; Grosenbach et al., 2010), MPXV infec-
tion in ground squirrels (Sbrana et al., 2007), and VARV or MPXV
infections in non-human primates (Huggins et al., 2009; Jordan
et al., 2009). Although only a few human cases of adverse events
after smallpox vaccination were successfully treated with ST-246
(Bristol, 2007; Vora et al., 2008), phase II clinical trials of ST-246
as an antipoxviral drug are now being conducted by the Food
and Drug Administration (FDA). VACV strains resistant to ST-246
have also been described (Yang et al., 2005) and have a single aa
change within the protein encoded by the F13L ORF in VACV,
which is necessary for viral extracellular release and cell-to-cell
spreading (Blasco and Moss, 1991). This issue can be circumvented
by concomitant use with other OPV drugs (Quenelle et al., 2007).

10.6. Imiquimod

Imiquimod (Aldara™) is a small molecular compound that be-
longs to the family of imidazoquinolines that induce cytokine pro-
duction upon binding to the Toll-like receptor 7 (TLR7) and
signaling through the adaptor protein MyD88 (Hemmi et al.,
2002). The induction of type I interferon (IFNab), interleukin (IL)
6, IL-12 and tumor necrosis factor alpha (TNFa) by imiquimod
has been observed both in humans and in animal studies (Tes-
terman et al., 1995; Reiter et al., 1994; Wagner et al., 1999). Re-
cently, 1% imiquimod cream was successfully applied for the
topical treatment of VACV cutaneous infection in chemically
immunosuppressed animals. However, increasing the concentra-
tion of imiquimod from 1% to 5% led to a decrease in its antiviral
activity (Tarbet et al., 2011). Imiquimod has been demonstrated
to be beneficial in the treatment of infections caused by viruses
belonging to other genera of the poxvirus family, specifically Mol-
luscum contagiosum (MC) (Lin et al., 2010; Arican, 2006; Skinner,
2002) and the Parapoxvirus species (Ara et al., 2008; Lederman
et al., 2007; Erbagci et al., 2005; Frandsen et al., 2011). Double-
blind, randomized studies showed that imiquimod is promising
for the treatment of Molluscum contagiosum infections in humans
(Syed et al., 1998; Theos et al., 2004).

10.7. Ethnopharmacology and anti-poxvirus compounds

The empirical evaluation of plant extracts based on traditional
knowledge is among the most promising sources of new
compounds with pharmacological potential, especially for the
treatment of infectious diseases. Several studies by our group have
focused on plant extracts and derivatives for the discovery of new
compounds with antiviral activity against OPV. Antiviral activity
against VACV-WR in vitro has been demonstrated for ethanolic
extracts of Solanum paniculatum (EC50 of 177.0 ± 3.3 lg/ml) (Valad-
ares et al., 2009), Polygonum spectabile (EC50 < 30 lg/ml) (Brandao
et al., 2010a), Zeyheria tuberculosa (EC50 of 23.2 ± 2.5 lg/ml) and
Arrabidaea sceptrum (EC50 40.6 ± 2.1 lg/ml) (Brandao et al., 2010b).
11. Concluding remarks

The study of zoonotic VACVs in Brazil has led to several
conclusions about the epidemiology of the related disease and
the evolution of these important human pathogens: (i) these
viruses present a marked genetic and phenotypic diversity that
are emerging, (ii) they constitute a defined risk to people and live-
stock, (iii) the circulation of these viruses in wildlife and peri-
domestic species suggests that they will persist as emerging patho-
gens, and (iv) there are currently no good medical interventions for
serious clinical events, although some compounds are undergoing
clinical trials and may soon be licensed for use in the treatment of
OPV infections.
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