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Abstract:  The population of the stock of the Lister strain of vaccinia virus, applied in Israel for immunization against 

smallpox, was found to be heterogeneous. A middle-size plaque (MP) virus was found to be the most attenuated for mice, 

out of the three variants which we characterized. Previously we found that C-terminal truncation of the A33R viral 

envelope protein of vaccinia virus leads to an enhanced release of free virus from the infected cells and to attenuation of 

the virus for mice. A recombinant of the MP variant with such truncation, was now constructed and found to release more 

progeny virus from the infected cells and slightly more attenuated for mice than its parent virus. This new recombinant of 

vaccinia virus may be useful when vaccination against smallpox would be required again, in the future.  
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INTRODUCTION 

 Smallpox [1] was declared by the World Health 
Organization in 1979, as an eradicated disease and the 
routine vaccination against variola virus stopped a year later 
[2,3], however, the risk of using this highly pathogenic virus 
as a biological warfare agent, still exists [4,5]. Since a large 
proportion of the human population has no immunity against 
variola virus anymore, the morbidity rate is expected to be 
significantly high, in case such terrorist action will take 
place. The Lister (Elstree) strain was one of vaccinia virus 
strains used for immunization against infection by variola 
virus and was the most widely used between 1968 and 1971, 
in spite of causing, although quite rarely, serious adverse 
reactions like encephalitis, and more frequently, local 
reactions [6-8]. In order to lower the risk of complications, 
more attenuated viruses, such as modified vaccinia virus 
Ankara (MVA) were later developed [9-12], although their 
ability to protect the human host against this deadly disease 
under epidemic conditions, was not experienced yet. 

 Another approach to obtain a more suitable virus for 
immunization against smallpox, was undertaken by us. We 
characterized the virus population comprising the Lister 
stock, used in Israel for many years for vaccination against 
smallpox. This stock was found to be heterogeneous and 
contained a mixture of viruses, forming plaques of different 
diameter in tissue cultures [13]. Three variants of the Lister 
stock were isolated and plaque purified: large plaque (LP), 
middle plaque (MP) and small plaque (SP); their different 
diameter in the plaque assay is clearly visible [13]. 
Furthermore, initial studies which we performed showed that  
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the virulence of the different virus isolates for mice, varies 
significantly [13].  

 Previously we found that C-terminal truncation of 35 
amino acids in the A33R envelope protein of vaccinia virus 
causes enhanced release of extracellular virions from 
infected cells at the completion of the growth cycle of the 
virus, and also to significant attenuation of the virus for mice 
[14].  

 The aims of the present study were: a) to further evaluate 
the pathogenicity of the different virus variants that 
comprised the stock of the Lister strain, following intranasal 
and intracranial infections of mice, b) to determine the 
protection the different variants induce in mice against a 
challenge with a lethal pox virus, and c) to construct and 
characterize a recombinant of the most attenuated variant 
selected, having the A33R truncation and which releases 
higher proportion of extracellular virus. Such virus may be 
more suitable for future vaccination against smallpox, if and 
when needed again.  

MATERIALS AND METHODOLOGY 

Cells and Viruses 

 BS-C-1 were grown in Dulbecco modified Eagle's 
medium (DMEM, Biological Industries, Beit Haemek, 
Israel), supplemented with 7% newborn calf serum (NBCS, 
Biological Industries). The Lister strain of vaccinia virus, 
used in Israel for vaccination against smallpox, was obtained 
from the Central Virology Laboratories, Ministry of Health, 
Israel. The isolation of the three variants of this virus: LP, 
MP and SP and their initial characterization, were previously 
described by us [13]. 

 Crude stocks of the Lister strain and its three variants 
were prepared in BS-C-1 cells, in DMEM supplemented 
with 2% NBCS. When an extensive cytopathic effect was 
visible, usually within 2-4 days, the cells were harvested, 
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centrifuged and suspended in DMEM supplemented with 2% 
NBCS, and kept frozen at -80

o
C until use. Purified virus was 

prepared from the cytoplasmic fraction of infected cells, 
obtained after Dounce homogenization and removal of the 
nuclei by low-speed centrifugation. The cytoplasmic fraction 
was layered on 36% sucrose in 10mM Tris pH 9.0 and 
centrifuged in TST 28 rotor at 24,000 rpm for 45 min at 4

o
C. 

The virus pellet was suspended in Tris buffer and stored at -
80

o
C, until use. 

Plaque Assay 

 Following adsorption of dilutions of virus samples to 

monolayers of BS-C-1 cells in 35 diameter plastic dishes 

(Nunc, Roskilde, Denmark) for 1 h at 37
o
C, MEM-Eagle 

medium, containing 5% NBCS and 0.5% methyl cellulose 

(Sigma, St. Louis, MO) was added. After incubation for 4 

days at 37
o
C, the semi-solid medium was removed, the cells 

were stained with 0.1% crystal violet in 20% ethanol and 

virus plaques were counted. 

One-Step Growth 

 BS-C-1 cells were infected at a multiplicity of 3 PFU per 
cell for 1 h and then washed twice with fresh medium to 
remove unadsorbed virus. DMEM supplemented with 2% 
NBCS was then added. At various times thereafter, the cells 
and medium were harvested together, with the help of a 
rubber-policeman, and kept frozen at 80

o
C. When 

determining separately the virus in the medium and that in 
the cells, the culture medium was first collected and clarified 
by low-speed centrifugation, to sediment detached cells and 
debris. The adherent cells were then scraped into 1 mL of 
fresh medium and combined with the pellet obtained 
following the previous centrifugation. The medium and the 
cells were kept frozen separately at -80

o
C. Just prior to 

titration, the preparations were thawed and frozen three 
times and sonicated for 30 s, in order to break cells and 
disrupt virus aggregates. The virus titer was determined by 
plaque assay. 

Virulence for Mice 

 All mice experiments were performed according to the 
strict regulations of the ethics committee of the Hebrew 
University-Hadassah Medical School (approval number: 
MD-0811052-4). Groups (n=4) of 4-5 week-old female 
Balb/C mice were anesthetized by inhalation of isoflurane 
(Rhodia Organique Fine Ltd, Avonmouth, Bristol, UK) and 
various doses of purified virus in a total volume of 20 L 
were dropped into the mice intranasally, using an Eppendorf 
pipette, or the virus, in a volume of 30 L, was injected 
intracranially. The mice were weighed daily and those that 
had lost more than 25% of their initial body weight were 
euthanized. 

Virus in the Internal Organs of the Mouse 

 The internal organs were removed from euthanized mice. 
They were weighed in a small plastic tube and 0.9 mL of 
DMEM containing 5% NBCS was added. The tube was then 
frozen and thawed three times and its content was transferred 
to 1 mL glass homogenizer. Following homogenization, the 
material was sonicated for 30 s and centrifuged at 1000 rpm 

for 7 s in an Eppendorf 5415 centrifuge. The supernatant was 
collected and virus titer was determined by plaque assay.  

Extraction of DNA from Infected Cells  

 Infected cells, showing complete cytopathic effect, were 
removed from the bottom of the culture dish with a rubber 
policeman and then centrifuged. The cell pellet was 
resuspended in phosphate buffered saline and the DNA was 
extracted using QIA DNA Blood Mini Kit (Qiagen, Hilden, 
Germany), according to the instructions of the manufacturer. 

Enrichment of DNA by PCR 

 For the enrichment of the DNA of A33R gene, primers of 
5'-to-3' sequences GCGCAAGCACTAGGCATCAGTTC 
and GGTCGTTAGTAGGGAGGAGAACAAAG were used 
with the enzyme GoTag DNA polymerase (Promega, MI) for 
45 s. The PCR products were then purified using QIAquick 
PCR Purification Kit (Qiagen, Valencia, CA). 

Transfection 

 To BS-C-1 cells at 70-80% confluency, Opti-MEM 
(Gibco, Invitrogen) was added. An hour later, the cells were 
infected with the virus at a multiplicity of 1 PFU per 20 
cells. Two tubes were prepared: the first with 5 g of PCR 
products in 0.2 mL Opti-MEM and another with 10 l of 
Lipofectamine (Gibco) in 0.25 mL Opti-MEM. The two 
solutions were then mixed together and incubated for 25 min 
at room temperature. At 2 h after infection, the cells were 
washed twice and the DNA/Lipofectamine mixture was 
added. Four hours later, DMEM supplemented with 2% 
NBCS was added to the cells. After incubation for two days 
at 37

o
C, the cultures were harvested, the cells and culture 

medium were separated by low speed centrifugation, and 
stored at -80

o
C, until infecting BS-C-1 cultures for the 

isolation of the recombinants.  

RESULTS AND DISCUSSION 

Characterization of the three Variants of the Lister 

Strain of Vaccinia Virus 

 First, we wished to select the most suitable virus of the 

Lister vaccine strain to be used for constructing the 
recombinant, having the C-terminal truncated A33R protein. 

Previously, we isolated three variants of the Lister strain of 

vaccinia virus from the vaccine virus stock, which was used 
in Israel for many years for immunization against smallpox. 

These variants: Large plaque (LP), middle plaque (MP) and 

small plaque (SP) differ in the diameter of the plaques they 
form in BS-C-1 cultures under semi-solid overlay [13]. Their 

one-step growth was now compared, to that of their parent 

virus, the Lister strain of vaccinia virus (Fig. 1). As 
expected, the LP variant, reached the highest infectious titer 

within 23 hours. Although the Lister parent virus reached a 

similar titer, additional 12 hours were required in order to 
achieve it. On the other hand, the growth of the other two 

variants: MP and SP, was significantly delayed and the 

highest titer reached was also lower, especially as compared 
with MP (Fig. 1).  

 The animal model we used in order to evaluate the 
pathogenicity of the different variants of the Lister strain of 
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Fig. (1). Virus Growth. BS-C-1 cells were infected with the Lister stock and with the variants LP, MP and SP, at a multiplicity of infection of 

3 PFU per cell. After 1 h, the cells were washed twice in order to remove unadsorbed virus and medium containing 2% NBCS was added. 

The infected cultures were further incubated at 37
o
C. At the indicated times, cultures were harvested and the titers of virus were determined 

by plaque assay. 

 

Fig. (2). Virulence for mice. Groups (n=4), of 4-5 weeks old mice, were intranasally inoculated with different doses of the Lister, LP, MP and SP 

variants, at a volume of 20 μl. The weight of the mice was determined daily and those that lost more than 25% of their initial weight were 

euthanized. The percentage of the weight of the mice at days before and after infection, relative to their initial weight, is plotted. The weight of 

uninfected mice was also followed. The survival of the infected mice is presented as well. Standard deviation was in general less than 2%. 
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Fig. (3). Virulence for mice. The mice were injected intracranially, at a volume of 30 μL. The follow-up was as described in the legend of 

Fig. (2). 

 

Fig. (4). Plaque morphology of the MP variant, the recombinant MP.c1 and its revertant MP.c1.Rev. Following adsorption, fluid medium or agar-

containing overlay, was added. After 2 days of incubation at 37
o
C the cultures were fixed and stained with 0.1% crystal-violet in 20% ethanol. 

 

vaccinia virus was previously applied by Turner [15].When 
mice were infected intranasally with 50,000,000 PFU, the 
Lister strain was found to be the most virulent, while the SP 
variant was slightly less pathogenic, as determined by both 
the loss of weight of the infected mice and their survival 
(Fig. 2). The lungs of the mice infected with these two 

viruses, loosing more than 25% of their initial weight, 
contained high titers of virus (1.4-3.3x10

7
 PFU per gram of 

tissue). The difference between the Lister strain and the SP 
variant was less pronounced, as the loss of weight and the 
survival are concerned, when the mice were infected with 
5,000,000 PFU (Fig. 2). In contrast to these two viruses, both 
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LP and MP were significantly less virulent to the mice, as 
judged by the loss of weight, and all mice infected with these 
two viruses, even with the highest virus dose, did survive 
(Fig. 2). When antibodies against vaccinia virus in the sera 
of the survived mice of this experiment, collected 14 days 
after infection, were determined by ELISA, it was found that 
all mice posses such antibodies (data not presented). 

 Intracranial inoculation of mice with 500,000 PFU of 
virus showed that while SP variant, Lister strain and LP 

variant were virulent for mice and significantly caused their 
loss of weight (especially noticed on the fifth day following 
injection), the MP variant was the most attenuated and all 
mice infected with this variant survived (Fig. 3). The high 
virulence of the Lister and the SP variant, as compared to  
LP and MP variants, was also demonstrated when mice  
were infected with 50,000 PFU (Fig. 3). All mice infected 
with 5,000 PFU of each of the four viruses, did survive  
(not shown).  

 

Fig. (5). Virus growth. The growth of MP, MP.c1 and MP.c1-Rev in BS-C-1 was followed, as described in the legend of Fig. (1). Except that 

the titer of the virus was determined separately in the infected cells (x -cell-associated virus) from that in the medium (+ -released virus). 

 

Fig. (6). Virulence for mice of the Lister strain, MP variant and the recombinant MP.c1. following intranasal inoculation. The weight of the 

mice was determined daily and those that lost more than 25% of their initial weight were euthanized. The percentage of the weight of the 

mice at days before and after infection, relative to their initial weight, is plotted. The weight of uninfected mice was followed as well. The 

numbers of euthanized mice are indicated (-1 or -2). Standard deviation was in general less than 2%. 
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 All four viruses: the Lister mixed stock, as well as, the 
LP, MP and SP variants, infecting mice intranasally with 
10,000 PFU, protected them against a challenge of 50,000 
PFU of the highly pathogenic Western Reserve (WR) strain 
of vaccinia virus, infecting the mice 14 days afterwards (data 
not presented).  

Construction of a Recombinant of the MP Variant, 
having C-terminal Truncated A33R Protein 

 The results obtained so far, suggest that the MP variant of 
the Lister strain of vaccinia virus is the most attenuated 
virus, as compared with the mixed population of the parent 
Lister strain and the LP and SM variants isolated from it, 
while still being able to protect mice against a challenge with 
a lethal dose of the WR strain of vaccinia virus. Therefore, 
the variant MP was chosen by us for the construction of the 
new recombinant, having the truncated C-terminal A33R 
protein. The C-terminal truncated A33R gene, that we 
enriched by PCR, was derived from the DNA of the WR.c1 

recombinant of vaccinia virus, previously constructed and 
isolated by us [14]. Following homologous recombination of 
the MP variant with the DNA of the A33R-truncated gene, a 
virus forming small plaques under agar-containing medium, 
was isolated and purified by serial plaque-to-plaque 
transfers. This virus, (MP.c1), formed comet-shaped plaques 
in cell cultures supplemented with fluid medium, as 
indicated by arrows in Fig. (4); such morphology is typical 
for viruses releasing high numbers of progeny virus from the 
infected cells [16]. The truncation of 35 amino acids in the 
C-terminal end of the A33R protein of MP.c1 was confirmed 
by sequence base analysis of the gene encoding this protein, 
which was found to be identical to that of the WR.c1 
recombinant [14]. Furthermore, in order to ensure that the 
recombinant MP.c1 differs from its parent MP virus by the 
truncated A33R gene only, homologous recombination of 
MP.c1, with the DNA encoding the normal A33R gene, 
obtained from the WR strain, was performed. This reversed 
recombination gave rise to the revertant virus (MP.c1.Rev), 

 

Fig. (7). Virulence for mice of the Lister strain, MP variant and the recombinant MP.c1, after intracranial inoculation. Groups of mice (n=5) 

were injected with different doses of virus. The weight of the mice was determined daily and the percentage of the weight of the mice at days 

before and after infection, relative to their initial weight, is plotted. Those mice that lost more than 25% of their initial weight were 

euthanized and the survival of the infected mice is also presented. Standard deviation was in general less than 2%. 
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which we then isolated and purified and, as expected, had 
normal A33R sequences (data not presented) and exhibited 
similar plaque morphology to that of the MP variant under 
fluid medium, as well as, under agar-containing medium 
(Fig. 4). 

 The one-step growth curves of the MP variant, the 
recombinant MP.c1 and the revertant MP.c1.Rev, are 
presented in Fig. (5). While the MP variant and MP.c1.Rev 
release only 0.1 % of their progeny virus made in the 
infected cells into the culture media at the end of their 
growth cycle, MP.c1 releases 100 folds more free viruses 
(Fig. 5). This resulted in the comet shape plaques formed by this 
virus under fluid medium, as indicated by arrows in Fig. (4).  

 The pathogenicity of the recombinant MP.c1 for mice 
was then followed. An inoculum of 75,000,000 PFU of 
MP.c1 introduced intranasally, did not affect the weight of 
the mice, similarly to its MP parent virus, in contrast to the 
Lister strain that caused the mice to significantly loose 
weight and two of the four mice of the group, to reach  
their critical low weight on the 7

th
 day following infection 

(Fig. 6). Furthermore, infection of mice with a lower dose of 
the Lister strain (38,000 PFU) still caused one mouse to 
loose its weight reaching its critical value, while there was 
not a single mouse infected with the MP variant or with the 
MP.c1 recombinant that was affected (Fig. 6).  

 Intracranial inoculation, with three different doses of 
virus, revealed once again that the Lister strain is the most 
pathogenic strain, when infecting the mice at the three 
different doses of virus (Fig. 7). The recombinant MP.c1 was 

found to be somewhat less virulent than its parent virus (MP 
variant), when the survival of the mice was determined 
following infection with 5,000,000 PFU (Fig. 7).  

 The capability of the viruses to protect mice against  

a challenge with a lethal dose of the pathogenic WR strain  

of vaccinia virus, infecting the mice 14 days later, was  
then followed. It was found that while 10,000 PFU of the 

three viruses induced full protection, 1,000 PFU of the Lister 

virus protected 80% of the mice and MP variant was 
somewhat less effective in this regard than the recombinant 

MP.c1 (Fig. 8).  
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