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Smallpox (infection with Orthopoxvirus variola) remains a feared illness more than 
25 years after its eradication. Historically, case-fatality rates (CFRs) varied between 
outbreaks (<1 to ~40%), the reasons for which are incompletely understood. The 
extracellular enveloped virus (EEV) form of orthopoxvirus progeny is hypothesized 
to disseminate infection. Investigations with the closely related Orthopoxvirus 
vaccinia have associated increased comet formation (EEV production) with 
increased mouse mortality (pathogenicity). Other vaccinia virus genetic 
manipulations which affect EEV production inconsistently support this association. 
However, antisera against vaccinia virus envelope protect mice from lethal 
challenge, further supporting a critical role for EEV in pathogenicity. Here, we show 
that the increased comet formation phenotypes of a diverse collection of variola 
viruses associate with strain phylogeny and geographical origin, but not with 
increased outbreak-related CFRs; within clades, there may be an association of 
plaque size with CFR. The mechanisms for variola virus pathogenicity probably 
involves multiple host and pathogen factors. 
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Associations between extracellular enveloped virus (EEV) production and pathogenicity 
have long been hypothesized for orthopoxviruses. Several forms of enveloped 
orthopoxvirus progeny are antigenically distinct (Appleyard et al., 1971; Smith et al., 2002). 
Membrane wrapping of intracellular mature virus (IMV) creates intracellular enveloped 
mature virus (IEV), which is then transported to the cellular membrane via microtubules to 
form cell-associated enveloped virus (CEV). Release from the cellular membrane yields 
EEV (Smith et al., 2002). Envelope structure and incorporation of host complement control 
proteins into the EEV/CEV envelope [potentially facilitating evasion of host complement 
neutralization (Appleyard et al., 1971; Vanderplasschen et al., 1998)] may facilitate virus 
dissemination within the host. 

In a subset of vaccinia strains, increased EEV production in vitro, as monitored by comet 
formation, is associated with increased mortality within the mouse intranasal infection 
model (Payne, 1980). Within this model, passive transfer of antisera against inactivated 
EEV protects 90% of mice against lethal vaccinia virus infection, while antisera against 
inactivated IMV does not provide protection (Payne, 1980). These observations support 
the hypothesis that increased EEV/CEV production results in dissemination of infection 
within the host and greater pathogenicity. Vaccinia strain Western Reserve (WR), a 
notable exception, is highly pathogenic yet forms few comets (Payne, 1980). Sequence 
comparison of four virulence genes demonstrates that WR is phylogenetically distinct from 
other vaccinia strains (Trindade et al., 2007). 

Currently, most studies to evaluate EEV/CEV production and associated virulence use 
vaccinia virus-WR with genetic modifications in individual envelope proteins. 
Deletion/alteration of several genes (F12, A33, A36 and B5) causes decreased EEV/CEV 
production and reduced virulence in mouse infection models (Engelstad & Smith, 1993; 
Gurt et al., 2006; Parkinson & Smith, 1994; Wolffe et al., 1993; Zhang et al., 2000). 
However, other mutations within A33, A34 or B5 enhance vaccinia virus-WR EEV/CEV 
production/release but decrease virulence (Gurt et al., 2006; Katz et al., 2002, 2003; 
McIntosh & Smith, 1996). Envelope proteins are highly conserved in orthopoxviruses 
(Aldaz-Carroll et al., 2005; Engelstad et al., 1992; Engelstad & Smith, 1993) and highly 
recognized by the host immune system. B5 is an immuno-dominant antigen in variola 
virus-infected humans (Davies et al., 2007) and α-B5 antibodies are primarily responsible 
for vaccinia virus EEV/CEV neutralization by vaccinia immune globulin (Bell et al., 2004; 
Putz et al., 2006), the recommended treatment for post-vaccination complications (Rotz et 
al., 2001). The role that variola virus EEV plays in disease pathogenesis is complex and 
may better be understood holistically within the whole virus context. Here, we evaluated 
variola virus’s comet and plaque phenotypes in tissue culture, quantified EEV and cell 
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associated virus (CAV) accumulation and assessed their association with virus phylogeny 
and outbreak-associated case fatality rates (CFRs) as a measure of pathogenicity. 

The comet-forming ability of orthopoxviruses, such as vaccinia virus, relates to EEV 
production (Payne, 1980; Wolffe et al., 1993). Variola isolates (n=25) chosen from diverse 
geographical regions and years of isolation were evaluated for in vitro comet formation 
within a liquid overlay and for plaque size within a semi-solid overlay. All variola virus 
infections were conducted under Biosafety Level 4 conditions, where BSC-40 cell 
monolayers were infected with each variola strain [isolation and propagation carried out as 
described previously (Esposito et al., 2006; Li et al., 2007)]. Each virus was diluted in 
RPMI 1640 medium+2% fetal bovine serum to achieve ~20–50 p.f.u. per well. After 1 h 
incubation (35.5 °C, 6% CO2), the inoculum was removed and monolayers were washed 
twice with medium. Medium or medium+1× carboxymethylcellulose was added to liquid 
overlay and semi-solid overlay wells, respectively. After incubation for 4 days, overlays 
were removed and cells were fixed with 10% formalin in PBS for 20 min. The fix solution 
was removed and plates were treated with 4.4×104 Gy gamma irradiation. Comets and 
plaques were visualized by immunohistochemical staining with polyclonal rabbit α-variola 
antibody as previously described (Yang et al., 2005). 

Visual classification was based upon subjective interpretation of the magnitude of comets 
formed by each variola strain, from most (visual group 1) to least (visual group 3) 
prominent comets (Fig. 1). As a more quantitative measure of comet-forming ability, the 
percentage of plaques forming comets was calculated for each variola strain by counting 
total plaque number (primary plaques of similar size) and number of plaques forming 
comets (defined as a directional flow of more than four satellite plaques emanating from a 
primary plaque) per well within the photograph (×3.9 magnification). The mean count 
reflected three different individuals’ counts of duplicate wells; all plaques within 1 cm of the 
well boundary on the photographs were excluded due to potential interference in comet 
formation. Variola isolates demonstrated diverse comet-formation phenotypes, which were 
reproducibly seen for each isolate in duplicate wells. Although the variation in comet-
forming plaques could be due to microheterogeneity within each isolate, there were no 
majority ‘subpopulations’ identified during sequencing (Esposito et al., 2006). Variola 
isolates with nearly identical nucleotide sequences (Esposito et al., 2006) displayed similar 
comet phenotypes [Figs 1 and 2, e.g. ETH72_16 (Group 2, 93%) and ETH72_17 (Group 2, 
89%)]. Reproducibility of comet quantification was within 20% coefficient of variation 
(based on mean and SD of counts) for any given isolate except UNK46_harv and 
SOM77_ali, which had 67 and 21% of plaques forming comets, respectively, grouping 
them with the lowest comet-producing strains. 
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In vitro comet phenotype was compared to geographical distribution, phylogeny (Li et al., 
2007) and reported CFRs (Esposito et al., 2006). Subjective visual classifications and 
quantification of comet-forming ability segregated variola virus strains in a manner 
correlating with phylogeny and geographical origin (Fig. 2). Non-parametric analysis 
(Mann–Whitney exact two-tailed t-test) of the mean proportion of comet-forming plaques 
between variola virus primary clades demonstrated a significant difference (P=0.0002, 
SAS Version 9.1) between clade I (n=18) and clade II (n=7) [80.19±17.95% (SD) and 
96.67±2.93% (SD), respectively], supporting the hypothesis that there is a phenotypic trait 
that complements genomic differences (Figs 1 and 2). Increased comet production was 
seen with primary clade II isolates [from West Africa and Brazil (Alastrim minor)]. Of the 
seven primary clade II strains, almost all were categorized by both methods as the highest 
comet producers (Fig. 2), six had >95% plaques producing comets. The one exception, 
BRZ66_gar (92%), was a laboratory-derived strain with an unknown number of passages 
through tissue culture cells; laboratory manipulations could possibly have caused 
adaptations that might explain some phenotypic differences compared with other primary 
clade II strains. Within primary clade I, only two strains [IND64_vel4 (Group 1, 96%) and 
BSH74_sol (Group 2, 95%)] of 18 displayed ≥95% comet production and only four strains 
displayed between 90 and 95% production. The independent and reproducible 
categorization of the vast majority of primary clade II strains as the highest comet 
producers, and the lack of prominent comet phenotypes within primary clade I, increases 
confidence in the relationship of higher EEV production/release with variola virus primary 
clade II. The Alastrim isolates within this clade, historically considered to be the least 
pathogenic strains as demonstrated by clinical outcome, have reported CFRs <1%. Highly 
pathogenic Asian and Oriental variola isolates (e.g. NEP73_175, KOR47_lee, IND64_vel4 
and BSH_74_sol) did not uniformly express EEV, as measured by comet production (Figs 
1 and 2). Thus, increased variola virus EEV production alone does not relate to increased 
mortality (CFR). 

For plaque size analysis, three of the largest primary plaques (of similar size with uniform 
circular shape) for each isolate were measured from random locations within each of the 
photographs of duplicate wells (×5.8 magnification). The measured plaques were >1 cm 
from the well boundary on the photographs to ensure there was no interference in plaque 
formation. The mean plaque size (in mm; ×5.8 magnification) for each isolate was 
determined from six plaque measurements. Consistent with observations from vaccinia 
strains where increased EEV production/release does not relate to increased plaque size 
(Blasco & Moss, 1992; Katz et al., 2002; Payne, 1980), clade II variola virus strains with 
robust comets displayed an equivalent maximal plaque size as clade I isolates (6.7–9.2 
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mm and 5.3–9.7 mm, respectively, at ×5.8 magnification) (Figs 1 and 2). However, within 
clades, mean plaque size was significantly larger for clade I isolates from Asia, 
Bangladesh, the Orient or the Middle East (n=8) (mean±SD, 8.46±0.92 mm) versus the 
lower CFR of non-West-African isolates (n=8) (mean±SD, 7.56±1.07 mm ) (P-
value≤0.0001, two-tailed t-test). Similarly, clade II isolates from West Africa (n=4) 
(mean±SD, 8.54±0.59 mm ) demonstrated significantly larger plaque size and higher CFRs 
than Brazil/Alastrim isolates (n=3) (mean±SD, 7.06±0.64 mm) (P-value≤0.0001, two-tailed 
t-test). Therefore, an increase in the mean plaque size of variola virus was not associated 
with increased EEV (comet) production but, within primary clades, did relate to increased 
CFRs. 

The prominent comet phenotype for primary clade II isolates implied that these ‘less-
virulent’ strains produce/release more EEV. To test this hypothesis, growth kinetic assays 
were performed to quantify CAV and EEV production by variola strains from the three 
comet formation groups that were isolated from diverse geographical locations and in a 
range of years. These were high comet-producers isolated in Brazil in 1966 [BRZ66_39] 
and Sierra Leone in 1968 [SLN68_258]; intermediate comet-producers isolated in 
Bangladesh in 1974 [BSH74_sol] and Sudan in 1947 [SUD47_jub]; low comet-producers 
isolated in Nepal in 1973 [NEP73_175] and Somalia in 1977 [SOM77_ali]. Cell monolayers 
(BSC-40) were infected with each variola strain as described above, at ~5 p.f.u. per cell. 
After adsorption for 1 h (35.5 °C, 6% CO2), the inoculum was removed and monolayers 
were washed twice before addition of growth media. Supernatants containing released 
EEV were collected at each time point [2, 6, 12, 18, 24, 36, 48 and 72 h post-infection 
(p.i.)] and titres on E-6 cells were determined as previously described (Yang et al., 2005), 
in the presence of antibody (J2D5, 1:1000 dilution) to neutralize any contaminating IMV. 
Media was added to each of the duplicate wells to harvest CAV by scraping monolayers 
into the media and freezing the lysate at −70 °C. Titres for all CAV were determined at the 
same time after freeze–thawing the lysate and sonicating on ice for 1.5 min. To titrate, 
inoculum was serially diluted in media and plated onto confluent E-6 cell monolayers. After 
1 h incubation (35.5 °C, 6% CO2), inoculum was removed and medium was added to each 
well. Incubation continued for 4 days until the cells were stained with 2× crystal violet. 

Accumulation of CAV (Fig. 3a) was higher in strains NEP73_175, SOM77_ali and 
SUD47_jub (~2–3 log increase) than in strains BSH74_sol, BRZ66_39 and SLN68_258 
(~1–1.5 log increase). The number of released EEV was maximal for all strains at ~18–24 
h p.i. (Fig. 3b). The highest levels of EEV were produced by BRZ66_39 and SLN68_258, 
despite these strains producing <2 log increase in CAV (Fig. 3a and b). The highest EEV 
production correlated with clade II variola virus strains; differences in EEV production 
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between intermediate and low comet producers were more difficult to discern during 
analysis of growth kinetics. Evaluation of the ratio of EEV to CAV at maximal EEV release 
(24 h p.i.) confirmed that EEV production is directly related to the qualitative comet 
formation ability of variola virus (Fig. 3c). Higher EEV production/release and comet 
formation is associated with the less pathogenic variola virus primary clade II. 

Relatively small alterations in EEV/CEV envelope proteins influence vaccinia virus 
pathogenicity with variable effects on immunogenicity within animal models (Gurt et al., 
2006; Katz et al., 2003). A single amino acid (aa) substitution within B5 or a 35 aa 
truncation of A33 dramatically increases EEV production in vitro but reduces virulence 
upon mouse intranasal infection (Katz et al., 2003). We compared variola virus sequences 
of each homologue to vaccinia virus-characterized EEV and IEV predicted proteins. 
Analysis of 47 variola virus sequences (Esposito et al., 2006) demonstrated that both B5 
and A33 aa sequences were conserved between primary clades, suggesting that EEV 
production differences do not result from genetic alterations in these EEV/CEV proteins. 
Further analysis of homologues to IEV and EEV envelope proteins (A34, A36, A56, F12 
and F13) showed clade-specific differences only within A56 (haemagglutinin) and F12 (see 
Supplementary Fig. S1, available in JGV Online). No conserved aa changes that related to 
plaque size differences seen between subclades within variola virus clade I were found 
within these homologues, but four conserved aa changes within F12 differentiated variola 
virus clade II subclades, perhaps relating to increased plaque size of the West African 
isolates. The F12 protein is associated with IEV and is required for egress to the cell 
surface (Herrero-Martínez et al., 2005; van Eijl et al., 2002). In the absence of F12, the 
integrity of vaccinia virus IMV and IEV are preserved, but the virus produces small 
plaques, decreased CEV (>99%) and EEV (sevenfold less) and diminished virulence 
(Herrero-Martínez et al., 2005; Zhang et al., 2000). Although haemagglutinin is not 
necessary for normal EEV production (Sanderson et al., 1998), mutations in the C-terminal 
region affect kinetics of IMV trafficking through the envelope formation process (Shida, 
1986). Potentially, the few clade-specific and subclade-specific aa alterations within F12 or 
the insertion and point mutation in the near-transmembrane region of haemagglutinin may 
be associated with increased EEV production/release by primary clade II variola virus 
isolates and increased plaque size of West African isolates (Supplementary Fig. S1). 

Previous research has focused upon the effect that single gene mutations have upon 
vaccinia virus EEV production. Our study assessed differences in variola virus comet 
phenotypes, EEV production, plaque morphology and their relation to phylogeny and 
outbreak CFRs as a measure of pathogenicity. Clade II isolates, historically considered 
‘less virulent’, were classified by two independent methods as the highest EEV and comet-
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producing strains. EEV production alone does not correlate with pathogenicity; other viral 
and host factors, such as the host immune and inflammatory response (Stanford et al., 
2007), are likely to be related to variola virus pathogenicity and subsequently CFRs. A 
virus-related, biologically beneficial consequence of increased EEV production/release by 
clade II variola virus isolates may be decreased virulence, which, in turn, may promote 
virus dissemination between human hosts. A role of EEV in virus transmission was 
suggested through observations of vaccinia virus strain IHDJ intranasal mouse infection; 
EEV and CEV accumulate in nasal epithelia 5 days p.i. (Payne, 1980; Payne & 
Kristensson, 1985). It may be that increased EEV production provided for efficient 
respiratory spread between hosts but also diminished variola virus pathogenicity due to 
EEV/CEV-specific host immune recognition and clearance. 

The lack of a temporal phylogenetic relationship and presence of a geographical 
phylogenetic relationship within this collection of variola isolates argue against a pandemic 
sweep of disease (Li et al., 2007). The strong relationship between variola strain 
phylogeny, geographical origin and in vitro phenotype (comet-formation ability, EEV 
production/release and plaque size) could represent regional geographical evolution of 
variola virus with its human host. The biological properties associated with smallpox 
human pathogenesis are not completely known; further characterization of in vitro 
phenotypes of variola virus clades may lead to identification of those factors involved in 
pathogenicity and subsequently to novel targets for antiviral therapies. Finally, the 
relationship between comet formation (EEV production) and protection (humoral response) 
or potential involvement in transmission should be explored. 

 

 

Acknowledgements 

The authors thank James Gathany (CDC Division of Creative Services) for exceptional 
photographs documenting the variola virus comet and plaque phenotypes. Furthermore, 
the authors wish to acknowledge the contributions of the peer review process in helping to 
strengthen the hypotheses and conclusions of this manuscript. 

8 



References 

Aldaz-Carroll, L., Whitbeck, J. C., Ponce de Leon, M., Lou, H., Hirao, L., Isaacs, S. N., 
Moss, B., Eisenberg, R. J. & Cohen, G. H. (2005). Epitope-mapping studies 
define two major neutralization sites on the vaccinia virus extracellular enveloped 
virus glycoprotein B5R. J Virol 79, 6260–6271. Medline 

Appleyard, G., Hapel, A. J. & Boulter, E. A. (1971). An antigenic difference between 
intracellular and extracellular rabbitpox virus. J Gen Virol 13, 9–17. Medline 

Bell, E., Shamim, M., Whitbeck, J. C., Sfyroera, G., Lambris, J. D. & Isaacs, S. N. 
(2004). Antibodies against the extracellular enveloped virus B5R protein are mainly 
responsible for the EEV neutralizing capacity of vaccinia immune globulin. Virology 
325, 425–431. Medline 

Blasco, R. & Moss, B. (1992). Role of cell-associated enveloped vaccinia virus in cell-to-
cell spread. J Virol 66, 4170–4179. Medline 

Davies, D. H., Molina, D. M., Wrammert, J., Miller, J., Hirst, S., Mu, Y., Pablo, J., Unal, 
B., Nakajima-Sasaki, R. & other authors (2007). Proteome-wide analysis of the 
serological response to vaccinia and smallpox. Proteomics 7, 1678–1686. Medline 

Engelstad, M. & Smith, G. L. (1993). The vaccinia virus 42-kDa envelope protein is 
required for the envelopment and egress of extracellular virus and for virus 
virulence. Virology 194, 627–637. Medline 

Engelstad, M., Howard, S. T. & Smith, G. L. (1992). A constitutively expressed vaccinia 
gene encodes a 42-kDa glycoprotein related to complement control factors that 
forms part of the extracellular virus envelope. Virology 188, 801–810. Medline 

Esposito, J. J., Sammons, S. A., Frace, A. M., Osborne, J. D., Olsen-Rasmussen, M., 
Zhang, M., Govil, D., Damon, I. K., Kline, R. & other authors (2006). Genome 
sequence diversity and clues to the evolution of variola (smallpox) virus. Science 
313, 807–812. Medline 

Gurt, I., Abdalrhman, I. & Katz, E. (2006). Pathogenicity and immunogenicity in mice of 
vaccinia viruses mutated in the viral envelope proteins A33R and B5R. Antiviral Res 
69, 158–164. Medline 

Herrero-Martínez, E., Roberts, K. L., Hollinshead, M. & Smith, G. L. (2005). Vaccinia 
virus intracellular enveloped virions move to the cell periphery on microtubules in 
the absence of the A36R protein. J Gen Virol 86, 2961–2968. Medline 

9 

http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=15858010&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=4108676&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=15246280&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=1602540&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=17443847&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=8503178&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=1585649&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=16873609&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=16406098&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=16227217&dopt=Abstract


Katz, E., Wolffe, E. & Moss, B. (2002). Identification of second-site mutations that 
enhance release and spread of vaccinia virus. J Virol 76, 11637–11644. Medline 

Katz, E., Ward, B. M., Weisberg, A. S. & Moss, B. (2003). Mutations in the vaccinia virus 
A33R and B5R envelope proteins that enhance release of extracellular virions and 
eliminate formation of actin-containing microvilli without preventing tyrosine 
phosphorylation of the A36R protein. J Virol 77, 12266–12275. Medline 

Li, Y., Carroll, D. S., Gardner, S. N., Walsh, M. C., Vitalis, E. A. & Damon, I. K. (2007). 
On the origin of smallpox: correlating variola phylogenics with historical smallpox 
records. Proc Natl Acad Sci U S A 104, 15787–15792. Medline 

McIntosh, A. A. G. & Smith, G. L. (1996). Vaccinia virus glycoprotein A34R is required for 
infectivity of extracellular enveloped virus. J Virol 70, 272–281. Medline 

Parkinson, J. E. & Smith, G. L. (1994). Vaccinia virus gene A36R encodes a Mr 43–50 K 
protein on the surface of extracellular enveloped virus. Virology 204, 376–390. 
Medline 

Payne, L. G. (1980). Significance of extracellular enveloped virus in the in vitro and in vivo 
dissemination of vaccinia. J Gen Virol 50, 89–100. Medline 

Payne, L. G. & Kristensson, K. (1985). Extracellular release of enveloped vaccinia virus 
from mouse nasal epithelial cells in vivo. J Gen Virol 66, 643–646. Medline 

Putz, M. M., Midgley, C. M., Law, M. & Smith, G. L. (2006). Quantification of antibody 
responses against multiple antigens of the two infectious forms of vaccinia virus 
provides a benchmark for smallpox vaccination. Nat Med 12, 1310–1315. Medline 

Rotz, L. D., Dotson, D. A., Damon, I. K. & Becher, J. A. (2001). Vaccinia (smallpox) 
vaccine: recommendations of the Advisory Committee on Immunization Practices 
(ACIP), 2001. MMWR Recomm Rep 50, 1–25. Medline 

Sanderson, C. M., Frischknecht, F., Way, M., Hollinshead, M. & Smith, G. L. (1998). 
Roles of vaccinia virus EEV-specific proteins in intracellular actin tail formation and 
low pH-induced cell–cell fusion. J Gen Virol 79, 1415–1425. Medline 

Shida, H. (1986). Variants of vaccinia virus hemagglutinin altered in intracellular transport. 
Mol Cell Biol 6, 3734–3745. Medline 

Smith, G. L., Vanderplasschen, A. & Law, M. (2002). The formation and function of 
extracellular enveloped vaccinia virus. J Gen Virol 83, 2915–2931. Medline 

10 

http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=12388724&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=14581563&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=17901212&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=8523536&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=8091668&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=8091668&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=7441216&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=3973566&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=17086190&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=15580803&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=9634084&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=3796593&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=12466468&dopt=Abstract


11 

Stanford, M. M., McFadden, G., Karupiah, G. & Chaudhri, G. (2007). 
Immunopathogenesis of poxvirus infections: forecasting the impending storm. 
Immunol Cell Biol 85, 93–102. Medline 

Trindade, G. S., Emerson, G. L., Carroll, D. S., Kroon, E. G. & Damon, I. K. (2007). 
Brazilian vaccinia viruses and their origins. Emerg Infect Dis 13, 965–972. Medline 

Vanderplasschen, A., Mathew, E., Hollinshead, M., Sim, R. B. & Smith, G. L. (1998). 
Extracellular enveloped vaccinia virus is resistant to complement because of 
incorporation of host complement control proteins into its envelope. Proc Natl Acad 
Sci U S A 95, 7544–7549. Medline 

van Eijl, H., Hollinshead, M., Rodger, G., Zhang, W. H. & Smith, G. L. (2002). The 
vaccinia virus F12L protein is associated with intracellular enveloped virus particles 
and is required for their egress to the cell surface. J Gen Virol 83, 195–207. Medline 

Wolffe, E. J., Isaacs, S. N. & Moss, B. (1993). Deletion of the vaccinia virus B5R gene 
encoding a 42-kilodalton membrane glycoprotein inhibits extracellular virus 
envelope formation and dissemination. J Virol 67, 4732–4741. Medline 

Yang, H., Kim, S. K., Kim, M., Reche, P. A., Morehead, T. J., Damon, I. K., Welsh, R. 
M. & Reinherz, E. L. (2005). Antiviral chemotherapy facilitates control of poxvirus 
infections through inhibition of cellular signal transduction. J Clin Invest 115, 379–
387. Medline 

Zhang, W. H., Wilcock, D. & Smith, G. L. (2000). Vaccinia virus F12L protein is required 
for actin tail formation, normal plaque size, and virulence. J Virol 74, 11654–11662. 
Medline 

http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=17228320&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=18214166&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=9636186&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=11752717&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=8331727&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=15690085&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=11090164&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=11090164&dopt=Abstract



