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The immune response elicited by LC16m8, a candidate smallpox vaccine that was developed in Japan by cold
selection during serial passage of the Lister vaccine virus in primary rabbit kidney cells, was compared to
Dryvax in a mouse model. LC16m8 carries a mutation resulting in the truncation of the B5 protein, an
important neutralizing target of the extracellular envelope form of vaccinia virus (EV). LC16m8 elicited a
broad-spectrum immunoglobulin G (IgG) response that neutralized both EV and the intracellular mature form
of vaccinia virus and provoked cell-mediated immune responses, including the activation of CD4� and CD8�

cells, similarly to Dryvax. Mice inoculated with LC16m8 had detectable but low levels of anti-B5 IgG compared
to Dryvax, but both Dryvax and LC16m8 sera neutralized vaccinia virus EV in vitro. A truncated B5 protein
(�8 kDa) was expressed abundantly in LC16m8-infected cells, and both murine immune sera and human
vaccinia virus immunoglobulin recognized the truncated recombinant B5 protein in antigen-specific enzyme-
linked immunosorbent assays. At a high-dose intranasal challenge (100 or 250 50% lethal doses), LC16m8 and
Dryvax conferred similar levels of protection against vaccinia virus strain WR postvaccination. Taken together,
the results extend our current understanding of the protective immune responses elicited by LC16m8 and
indicate that the relative efficacy in a mouse model rivals that of previously licensed smallpox vaccines.

The last naturally occurring case of smallpox was reported in
1977. Following the successful containment of a laboratory-
acquired case in Birmingham, England, in 1978, smallpox was
officially declared eradicated by the World Health Organiza-
tion in 1980, after the disease had claimed millions of human
lives across the globe during a pandemic that lasted several
millennia. Despite the eradication of smallpox, the potential
for a reemergence of smallpox and a prevailing threat of clin-
ical infections by other poxviruses associated with smallpox-
like symptoms in humans make a sustained supply of smallpox
vaccines imperative. For example, outbreaks of zoonotic mon-
keypox virus infection of humans have been reported in dif-
ferent parts of the world in the past four decades (4, 17),
including a 2003 outbreak in the United States (5, 31).

Adverse events associated with traditional smallpox vaccines
necessitated the quest for new vaccines with less reactogenic-
ity. Two attenuated smallpox vaccines, modified vaccinia virus
Ankara (MVA) (25) and a Lister virus derivative (LC16m8),
underwent considerable development near the end of the
smallpox eradication campaign. LC16m8 was developed as an
attenuated smallpox vaccine in Japan in the early 1970s by
about 45 serial passages and cold selection of the Lister/Elstree

vaccine virus in primary rabbit kidney cells (13). Unlike MVA,
LC16m8 does not carry large deletions of gene blocks in its
genome and can replicate productively in mammalian cells.
Similar to its parent virus strain (Lister/Elstree), for instance,
inoculation of LC16m8 by scarification on the skin surface
results in a “take” that manifests as a pock lesion that is
characteristic of replication-competent smallpox vaccines. In a
number of animal models (mice, rabbits, and monkeys), vac-
cination with LC16m8 conferred protection against lethal pox-
virus challenge (7, 32; reviewed in reference 20). LC16m8 was
used as a smallpox vaccine in Japanese children at the end of
the smallpox eradication campaign in the 1970s, but its efficacy
against smallpox is unknown, since smallpox was no longer
endemic at the time of its use. A major genetic difference
between LC16m8 and the parent Lister vaccine strain used in
the campaign to eradicate smallpox has been mapped to a
single-base-pair deletion within the open reading frame that
encodes the vaccinia virus B5 protein (28, 38). This mutation
creates a stop codon in B5R that theoretically would encode a
91-amino-acid protein instead of the 317-amino-acid full-
length B5 protein. In addition, if this 91-amino-acid protein
were processed correctly, it should be secreted as a 73-amino-
acid protein. The B5R mutation in LC16m8 has been shown to
be responsible for the smaller-plaque phenotype, smaller pock
size on chorioallantoic membranes, and restricted growth in
Vero cells relative to that of the Lister strain (37, 38). B5 is a
42- to 45-kDa protein component of the extracellular envel-
oped virus form of vaccinia virus (EV), one of two major
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mature infectious forms of vaccinia virus. These two infectious
forms of vaccinia virus, intracellular mature virus (MV) and
EV, are antigenically distinct. MV is thought to be primarily
responsible for host-to-host spread, whereas the EV form,
which contains an additional membrane and several EV-spe-
cific proteins, facilitates the spread of vaccinia virus in animal
hosts (reviewed in reference 36). A robust antibody response
to B5 is elicited in humans following vaccination with Dryvax
(18, 23), and B5 was identified as being the major target for
vaccinia virus EV-neutralizing antibody (3, 30), suggesting its
importance for the protective immune response to vaccinia
virus-based smallpox vaccines. In addition, immunization with
subunit B5 vaccines in animal models elicited robust antibody
responses and protected animals from severe disease symp-
toms (2, 8, 9, 11, 14) following challenge with lethal doses of
poxviruses.

The evaluation of new-generation smallpox vaccines such as
LC16m8 is complicated by an inadequate understanding of the
correlates of immune protection conferred by traditional
smallpox virus vaccines (e.g., Dryvax and Lister/Elstree) that
were used during the smallpox eradication campaign. Thus,
rigorous and detailed analyses of protective efficacy and the
immune responses elicited by new-generation smallpox vac-
cines in appropriate animal models, complemented with con-
trolled safety and immunogenicity clinical trials with humans,
are critical for the evaluation of the immunogenicity of new-
generation smallpox vaccines. To date, only a limited number
of studies characterizing the protective immune response to
LC16m8 in animal models have been reported (reviewed in
reference 20), and they include various models and techniques
that make generalizations about the relative immunogenicity
and protective capacity of LC16m8 difficult. We have under-
taken a detailed comparison of a variety of immune responses
to LC16m8 and Dryvax in a mouse model of vaccination and
challenge. Dryvax was chosen for this comparison because it
was used during the smallpox eradication campaign and was
the only available licensed smallpox vaccine in the United
States for many years. We show here that when administered
by tail scarification, LC16m8 elicited antibody and cell-medi-
ated immune responses similar to those of Dryvax. Because of
the known mutation in the LC16m8 EV gene encoding B5, we
focused particular attention on the EV antibody response. We
find that the EV-neutralizing activities induced by LC16m8
and Dryvax are similar and, interestingly, that LC16m8 also
elicits an antibody response to B5. We demonstrate that a
truncated B5 protein (�8 kDa) predicted by the LC16m8 se-
quence is the predominant form of B5 expressed in whole-cell
lysates and infected-cell supernatants of cells infected with
LC16m8 and that immune sera from immunized mice as well
as human vaccinia virus immunoglobulin (VIG) recognize
truncated B5. The results also suggest that LC16m8 retains
EV-neutralizing activity in spite of the truncation in B5. Fi-
nally, using a rigorous intranasal vaccinia virus challenge ani-
mal model, we find that vaccination with LC16m8 and Dryvax
conferred similar levels of protection in mice. Taken together,
the results extend our current understanding of the protective
immune responses elicited by LC16m8 and indicate that the
relative efficacy in a mouse model rivals that of previously
licensed smallpox vaccines.

MATERIALS AND METHODS

Viruses. Lyophilized LC16m8 (obtained from Kaketsuken, Kumamoto, Japan)
was reconstituted in LC16m8 diluent supplied by the manufacturer and stored at
4°C. The titer of LC16m8 was determined using RK-13 cells (ATCC CCL-37;
ATCC, Manassas, VA). The Dryvax virus seed stock was derived from a recon-
stituted vial of the licensed smallpox vaccine, Dryvax (lot number 321401),
manufactured by Wyeth, and was prepared from infected BSC-1 cells as previ-
ously described (18), and titers were determined using BSC-40 cells. Vaccinia
virus strain WR and vaccinia virus strain IHD-J were prepared from infected
BSC-40 cells as previously described (27), and titers were determined using
BSC-40 cells. For EV production, vaccinia virus strain IHD-J was propagated in
RK-13 cells, culture supernatant was harvested after 48 h of infection, and titers
were determined using BSC-40 cells. Vaccinia virus NYCBH strain (Dryvax and
WR) suspensions for inoculation were prepared in sterile endotoxin-free phos-
phate-buffered saline (PBS).

Immunizations. In all experiments, 4- to 5-week-old male BALB/cByJ and
nude (CByJ.Cg-Foxn1�nu�/J-hom [nu/nu]) strains of mice were obtained from
the Jackson Laboratory, Bar Harbor, ME, housed, and cared for at a CBER
animal facility according to guidelines of the Animal Research Advisory Com-
mittee of the National Institutes of Health. Intramuscular and subcutaneous
inoculations were performed as previously described (27). For tail scarification,
viruses were diluted to 2.5 � 108 PFU/ml, and mice were anesthetized with
Avertin (2,2,2,-tribromoethanol dissolved in tertiary amyl alcohol) that was di-
luted in sterile PBS. The anesthesia was administered (20 �l [308 �g] per gram
body weight) by intraperitoneal injection. Animals were pricked/scratched ap-
proximately 15 to 20 times with a 25-gauge needle at the base of the tail, and 4
�l (106 PFU) of the appropriate virus suspension (LC16m8 or Dryvax) was
applied to the scarified skin surface.

Inactivated vaccinia virus antibody ELISA. MV antibody enzyme-linked im-
munosorbent assay (ELISA) for the quantitation of total immunoglobulin G
(IgG) and IgG isotype distribution was performed using psoralen/UV irradia-
tion-inactivated vaccinia virus (Dryvax) MV particles as previously described
(27).

Preparation of vaccinia virus EV proteins and vaccinia virus EV antibody
ELISA. Previously, we described the development of an ELISA for the quanti-
tative measurement of anti-A33 antibody using a recombinant A33 protein as an
antigen (27). The construction and purification of a recombinant vaccinia virus
B5 protein were described previously (10). A similar method was used to con-
struct a recombinant truncated B5 protein that includes only the 91 amino acids
N terminal of the B5 polypeptide, designated B5del91. Briefly, the nucleotide
sequence encoding B5del91 was amplified by PCR using primers 5�-CACCAT
GAAAACGATTTCCGTTGTTACGTTG and 5�-TTATTTGCCGTCAATAA
GACGTGGATCAACCTGATCTTCTTCGTATAGCGGTTTATTATATA
GTTC and plasmid pSFV-B5R-prC, containing the B5R open reading frame
from Dryvax (10), as a template. The amplified PCR product was cloned into
Semliki Forest virus expression vector pSFV to generate plasmid pSFV-B5 del91.
The B5del91 product was expressed in BHK-21 cells as described previously (33,
34), and the recombinant protein was partially purified from infected-cell lysates
by affinity chromatography as previously described (10). Immulon 2HB plates
were coated with optimal concentrations of the A33 or B5 protein or the trun-
cated B5del91 protein and used for ELISAs as described previously (27).

Detection of B5 in virus-infected cells. Confluent monolayers of RK-13 cells in
a six-well tissue culture plate were infected with LC16m8 or Dryvax at a multi-
plicity of infection of 2.0. After 2 h of virus adsorption, infection medium was
removed from cells, and cells were rinsed with fresh culture medium. Each well
received 1 ml growth medium, and the plate was reincubated for 48 h. The
culture supernatant (100 �l) from each well was sampled. The infected cells and
uninfected control cells were scraped, harvested, and pelleted at 2,000 rpm at 4°C
for 5 min. Cell pellets were lysed in radioimmunoprecipitation assay buffer
(Thermo Scientific, Rockford, IL), and the lysate was clarified by centrifugation
at 13,000 rpm at 4°C for 1 min. The sampled supernatants and clarified cell
lysates were boiled and resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Detection of proteins was done by standard Western blotting by
using a mouse anti-B5 monoclonal antibody, NR-561 (1) (BEI Resources, Ma-
nassas, VA), at a 1:1,000 dilution as a primary antibody and ECL anti-mouse
peroxidase at 1:2,500 as a detection antibody. Following the addition of the ECL
West Duran Super Signal peroxidase substrate (Thermo Scientific, Rockford,
IL), images of protein bands were captured by chemiluminescence using Image
Reader LAS-3000 software (Fuji Medical Systems, Stamford, CT).

EV neutralization assay. Vaccinia virus EV was produced from RK-13 cells
infected with the IHD-J strain of vaccinia virus as previously described (41), with
slight modifications. Briefly, for each fresh EV production, a confluent T-75 flask
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monolayer of RK-13 cells was infected with vaccinia virus strain IHD-J at a
multiplicity of infection of 3.0. After 2 h of virus adsorption to cells, the infection
medium was aspirated, and cells were rinsed with 10 ml of culture medium. Fresh
cell culture medium (10 ml) was added to the cells, and the culture flask was
reincubated for 48 h. The culture supernatant was harvested and centrifuged at
800 rpm for 10 min at 4°C. The clarified supernatant was consistently about 2 �

108 PFU/ml when titrated in the presence of a mixture of vaccinia virus MV-
neutralizing antibodies: an in-house purified monoclonal antibody,10F5, that
binds the vaccinia virus MV L1 protein and an affinity-purified rabbit anti-
vaccinia virus A27 IgG, which binds the vaccinia virus MV A27 protein. Mono-
clonal antibody 10F5 was purified from mouse hybridomas (a gift from Bernard
Moss, NIAID, NIH), and anti-A27 antibody was a generous gift of Yong He
(CBER, FDA). Serum samples from mice treated with LC16m8, Dryvax, or
PBS were pooled by treatment group, and each pool was diluted 1:50 and
tested for EV neutralization. Freshly prepared EV (300 PFU) was incubated
for 1.5 h at 37°C with a 1:50 dilution of each serum pool in the presence of
10F5 (1:100 dilution of a 1.4-mg/ml stock) and anti-A27 (1:50 dilution of a
�0.4-mg/ml stock) antibodies. Antibody-treated EV was used to infect con-
fluent monolayers of BSC-40 cells (duplicate wells per test sample) at an
input of 100 PFU/well in a 12-well tissue culture plate. After 2 h, infection
medium was removed, and medium containing 5% methylcellulose was
added. The plate was reincubated for 24 to 48 h, and cells were fixed and
stained with crystal violet solution. The number of plaques was counted, and
the percent EV neutralization was calculated relative to the number of
plaques in control wells where EV was not treated with antibodies (except
with anti-MV antibodies 10F5 and anti-A27).

EV neutralization using serum samples depleted of B5-specific IgG was per-
formed as described above except that a 1:50 dilution of each test antiserum (or
control sera) was preincubated (in PBS at 37°C for 1.5 h) with 20 �g of affinity-
purified B5 protein (NR-2624; BEI Resources, Manassas, VA) prior to the EV
neutralization assay.

Intracellular cytokine staining. Splenocytes from animals inoculated with
PBS, LC16m8, or Dryvax and from naïve mice were prepared as previously
described (26). Spleen cells were plated in 24-well tissue culture plates at 5 � 106

cells in 1 ml of medium per well and were stimulated either with live vaccinia
virus strain WR at a multiplicity of infection of 1.0 or without virus. Control
(naïve) splenocytes were plated in wells that had been precoated (2.5 �g per well
in bicarbonate buffer) overnight with purified hamster anti-mouse CD3e mono-
clonal antibody (BD Pharmingen). After approximately 16 h of incubation, 10 �g
of brefeldin A was added to each well, and plates were incubated for an addi-
tional 2.5 h. Splenocytes were harvested, washed in ice-cold PBS containing 2%
fetal bovine serum, and resuspended in the same buffer. Cells were dispensed at
106 cells per tube in 5-ml polystyrene round-bottomed fluorescence-activated cell
sorter tubes (Becton Dickinson Labware, Franklin Lakes, NJ) and blocked with
Fc block (except for “unstained” cells) for 10 min. Cells were incubated with
fluorescein isothiocyanate (FITC)-conjugated rat anti-mouse CD8a (CD8-FITC)
or phycoerythrin (PE)-conjugated rat anti-mouse CD4 (CD4-PE) on ice for 30
min in the dark. All labeling antibodies were obtained from BD Pharmingen.
After three washes in PBS–2% fetal bovine serum (FBS), cells were resuspended
in wash buffer and fixed in 1% paraformaldehyde for 20 min in the dark. The
fixative was removed by centrifugation at 1,000 rpm for 10 min, and cells were
washed once in PBS–2% FBS and resuspended in wash buffer. Cell pellets in
tubes that were to be labeled with allophycocyanin (APC)-conjugated rat anti-
mouse gamma interferon (IFN-�) (IFN-�–APC) or with combinations of CD8-
FITC and IFN-�–APC or CD4-PE and IFN-�–APC were permeabilized in buffer
containing 0.11% saponin, and IFN-�–APC was added to each tube. After 30
min of incubation on ice, cells were washed once in permeabilization buffer and
twice in PBS–2% FBS and resuspended in the latter. Data (20,000 events per
sample) were acquired using a FACS Diva flow cytometer (BD Biosciences) and
analyzed with FlowJo fluorescence-activated cell sorter analysis software (Tree
Star, Inc., Ashland, OR).

Lethal intranasal challenge. Intranasal challenge of animals with vaccinia
virus strain WR was performed as previously described (26). Briefly, mice were
weighed, anesthetized with Avertin, and inoculated intranasally with 100 50%
lethal doses (LD50) (3.2 � 106 PFU) or 250 LD50 (8 � 106 PFU) of vaccinia virus
strain WR on day 0. Mice were weighed over a 2-week period postchallenge, and
animals that had lost 25% of their initial body weight were euthanized.

Statistical analysis. The significance of the difference (P � 0.05) between pairs
of treatment groups was determined by an unpaired two-tailed Student’s t test by
using InStat software (GraphPad Software, Inc.).

RESULTS

Vaccinia virus antibody response to LC16m8. In order to
compare the antibody responses to LC16m8 and Dryvax,
groups of mice were vaccinated with 106 PFU of LC16m8 or
Dryvax by tail scarification. In the first set of experiments,
groups of three mice were inoculated with LC16m8 or Dryvax
via three different routes: intramuscular, subcutaneous, and
tail scarification. A control group was treated with PBS by tail
scarification. Serum samples were collected at 3-week intervals
for 12 weeks following immunization and analyzed for total
anti-vaccinia virus IgG by ELISA by using inactivated Dryvax
as an antigen. There was no detectable anti-vaccinia virus IgG
in sera obtained from the PBS control group. The mean (log10)
IgG titers for the LC16m8 and Dryvax groups are shown in Fig.
1 (A and B, respectively). Serum samples obtained from
LC16m8- and Dryvax-immunized mice had measurable levels
of anti-vaccinia virus IgG that peaked at about 6 weeks and
remained high up to 12 weeks postimmunization irrespective
of the route of inoculation. For both LC16m8 and Dryvax, the
intramuscular route of inoculation provoked the lowest level of
antibody response, with week 6 mean titers (log10) of 3.31 and
3.71, respectively. For both LC16m8 and Dryvax immune sera,
inoculation by tail scarification elicited the strongest IgG
response, with week 6 IgG titers (log10) of 4.31 and 4.21,
respectively. Antibody responses were higher in sera from sub-
cutaneously immunized mice than from intramuscularly immu-
nized mice. In two-tailed unpaired Student t tests, the differ-
ences in antibody titers between sera derived from mice
vaccinated via the intramuscular and subcutaneous routes
(LC16m8 and Dryvax), subcutaneous and tail scarification
routes (LC16m8 and Dryvax), and intramuscular and tail scar-
ification routes (Dryvax) were not statistically significant. The
high level of antibodies induced by LC16m8 via tail scarifica-
tion was, however, statistically significant (P � 0.05) compared
to the intramuscular route. Inoculation by tail scarification was
used in all subsequent experiments both because it elicited the
highest level of antibody responses (Fig. 1) and because this
percutaneous route is the traditional method of smallpox vac-
cine immunization of humans. Although the level of the total
IgG response to LC16m8 was slightly higher than the level of
response to Dryvax, the difference is not statistically significant,
suggesting that the total vaccinia virus antibody response to
LC16m8, as measured by ELISA using Dryvax antigen, is sim-
ilar to that elicited by Dryvax immunization.

To further characterize the antibody response to LC16m8,
immune sera obtained from mice 6 weeks after immunization
were analyzed for levels of IgG isotypes by ELISA. Both
LC16m8 and Dryvax immune sera showed broad IgG isotype
distribution, including high titers of IgG1 (log10 mean titers of
3.83 and 4.37, respectively) and IgG2a (log10 mean titers of
4.73 and 4.67, respectively) (Fig. 1C). Both IgG2b and IgG3
were also detectable but at lower titers than IgG1 and IgG2a.
Thus, LC16m8 elicited broad antibody isotype profiles indica-
tive of mixed Th1/Th2-type immune responses, as does Dryvax.

Sera from mice immunized with either LC16m8 or Dryvax
by tail scarification were evaluated for the presence of neutral-
izing antibody using a vaccinia virus WR recombinant express-
ing 	-galactosidase, as previously described (24, 27). Since
purified vaccinia virus is utilized in this assay, the neutraliza-
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tion antibody measured is predominantly that directed to the
MV form of the virus. Serum pools from PBS-treated mice had
no detectable vaccinia virus-neutralizing activity. Sera from
both LC16m8- and Dryvax-vaccinated mice neutralized vac-
cinia virus, with mean 50% neutralization titers (log10) of 2.29
(
0.09 standard deviations) and 2.26 (
0.12 standard devia-
tions), respectively. Taken together, the results indicate that
LC16m8 elicits a vaccinia virus-specific antibody response, in-
cluding an anti-vaccinia virus MV-neutralizing response that is
comparable to that elicited by an equivalent dose of the li-
censed smallpox vaccine, Dryvax.

EV-specific antibody response to LC16m8. Vaccinia virus
EV facilitates the dissemination of virus in an infected host.
The B5 protein, which is responsible for the LC16m8 attenu-
ation/small-plaque phenotype and whose open reading frame
is truncated in LC16m8 (38), is critical for EV formation and
was previously shown to be the major EV-neutralizing target
(3, 30) in human VIG. To evaluate the antibody response to
vaccinia virus EV, antigen-specific ELISAs were used to mea-
sure the antibody response to the EV A33 and B5 proteins.
Serum samples obtained (6 weeks postimmunization) from
mice inoculated with LC16m8 or Dryvax were tested for anti-
bodies specific to the affinity-purified A33 and B5 proteins
(10), respectively. Animals immunized with PBS had no de-
tectable anti-A33 or anti-B5 antibodies (�1:20) (data not
shown). ELISA data from one of two identical experiments
(n � 10 each for LC16m8 and Dryvax) are presented in Fig. 2A.

Both LC16m8 and Dryvax immune sera contained high titers
(mean log10 titers of 4.26 and 3.95, respectively) of anti-A33
IgG, suggesting that a robust antibody response to A33 was
elicited by either virus. All Dryvax-immunized mice (10/10
mice) had detectable anti-B5 IgG titers (titer range, 2.51 to
4.01 logs), with a mean (log10) titer of 3.17. Interestingly, 8 out
of 10 (80%) immune sera from LC16m8-vaccinated mice had
detectable levels (titer range, 1.90 to 2.81 logs) of anti-B5 IgG,
with a mean titer (log10) of 2.08. Statistical analyses (unpaired
Student t tests) of the LC16m8 and Dryvax antibody responses
to the EV proteins showed that while the difference in anti-
A33 antibody levels was not significant, the observed difference
in anti-B5 antibody levels was significant (two-tailed P value of
�0.05 for anti-B5 antibody comparison).

In order to determine whether the antibody response to
LC16m8 included a neutralizing antibody response to vaccinia
virus EV, pools of immune sera from mice that had been
vaccinated with Dryvax or LC16m8 were tested for the ability
to neutralize EV prepared from the culture supernatant of
RK-13 cells infected with the IHD-J strain of vaccinia virus.
Serum samples from LC16m8- and Dryvax-immunized mice
showed a significant reduction in levels of EV plaque forma-
tion compared to those of the PBS-treated group (Fig. 2B),
and the measured EV plaque reductions were similar for the
two virus-immunized groups. The results indicate that LC16m8
induces B5-specific IgG in mice and that LC16m8 immune sera

FIG. 1. Antibody responses to LC16m8 and Dryvax. (A and B) Groups of mice (three per group) were inoculated with 106 PFU of LC16m8
(A) or Dryvax (B) by the intramuscular (I.M.), subcutaneous (S.C.), or percutaneous/tail scarification (Tail scarif) route. Serum samples were
collected at intervals of 3 weeks and analyzed for vaccinia virus MV-specific IgG by ELISA by using inactivated Dryvax as an antigen. (C) Immune
sera were tested for IgG isotype distribution. Error bars represent standard deviations.
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neutralized vaccinia virus EV despite the truncation in the B5R
gene.

In order to determine whether the anti-B5 response in
LC16m8 sera contributed to EV neutralization, mouse serum

pools were depleted of B5-specific IgG by preincubation with
affinity-purified B5 protein that was prepared in baculovirus
prior to the EV neutralization assay. The depletion of B5-
specific IgG was verified by B5-specific IgG ELISA (Fig. 2C).

FIG. 2. Antibody response to vaccinia virus EV proteins. Groups of five mice were vaccinated by tail scarification. (A) Serum samples were obtained
from mice 6 weeks after vaccination and tested for A33-specific and B5-specific IgG. (B) Serum pools were diluted 1:50 and tested for neutralization of
vaccinia virus EV by plaque reduction. (C) Depletion of B5-specific IgG from Dryvax hyperimmune serum was verified by ELISA. (D) Serum pools from
mice inoculated with PBS, LC16m8, Dryvax, Dryvax hyperimmune serum (Dryv hyper), rabbit anti-vaccinia virus antibody (YVS8101), and human VIG
were depleted (� anti-B5) or undepleted (� anti-B5) of B5-specific IgG and tested for the neutralization of vaccinia virus EV. OD405, optical density
at 405 nm. (E) Expression of the truncated B5 protein in LC16m8 (LC16)-infected or Dryvax (Dryv)-infected RK-13 cell supernatant (s) or cell lysate
(c) was detected by Western blotting using a monoclonal antibody, NR-561 (1). Lane U represents uninfected-cell lysate, lane R represents affinity-
purified recombinant B5, and lane M is the protein molecular weight marker. (F) Immune serum sample pools were tested by ELISA for levels of IgG
to the truncated B5 using a recombinant truncated B5 protein as an antigen. Error bars represent standard deviations.
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Serum samples (both LC16m8 and Dryvax sera) depleted of
anti-B5 IgG retained the capacity to neutralize vaccinia virus
EV (Fig. 2D). Similarly, a hyperimmune Dryvax mouse serum
that was raised by multiple tail scarification with Dryvax re-
tained EV neutralization, but a commercially available rabbit
anti-vaccinia virus (Lister) antibody (YVS8101; Accurate
Chemicals, Westbury, NY) and human VIG showed significant
reductions in EV neutralization after the depletion of anti-B5
antibodies (Fig. 2D). The retention of EV neutralization in
LC16m8 and Dryvax immune antisera after the depletion of
B5-specific IgG suggests the possibility of B5-independent EV
neutralization.

Expression and secretion of an LC16m8 8-kDa B5 protein.
The antibody response against B5 elicited by LC16m8 may
arise due to the restoration of full-length B5R by mutation
during the course of infection or may be a response to the
truncated N-terminal 91-amino-acid polypeptide predicted
from the DNA sequence of the LC16m8 B5R gene (21). To
investigate these possibilities and to determine whether a trun-
cated B5 protein is actually produced during LC16m8 infec-
tion, RK-13 cell monolayers were infected with LC16m8 or
Dryvax, and infected-cell culture supernatants and whole-cell
lysates were probed by Western blotting using a B5-specific
monoclonal antibody (NR-561) (1) that recognizes an epitope
between residues 56 and 75 of the B5 protein as the primary
antibody (Fig. 2E). No bands were detected in either culture
supernatant or whole-cell lysate of uninfected RK-13 cells. A
band corresponding to the full-length B5 protein (�42 to 45
kDa) was the only band identified in Dryvax-infected-cell su-
pernatants or cell lysates. In contrast, culture supernatant and
whole-cell lysates of LC16m8-infected cells had a prominent
band at approximately 8 kDa, corresponding to the predicted
size of a �73- to 91-amino-acid N-terminal polypeptide, dem-
onstrating that the predicted truncated B5 was indeed ex-
pressed in LC16m8-infected RK-13 cells. However, low but
discernible levels of full-length B5 were also detected in
LC16m8-infected cells. Thus, although the truncated B5 pro-
tein appeared to be much more prominent than the full-length
B5 protein, it is possible that the antibody response to B5 in
LC16m8-treated mice could also have been provoked by full-
length B5 expressed at relatively low levels. Although it is
difficult to rule out this possibility, we verified that the trun-
cated B5 protein could be recognized by antibodies made dur-
ing infection with LC16m8 and Dryvax by developing an
ELISA for truncated B5 using the same approach as that used
for full-length B5. The first 91 amino acids of the B5 protein
were expressed as a recombinant protein in Semliki Forest
fever virus and purified by affinity chromatography as previ-
ously described (10). Sera from mice immunized with LC16m8
or Dryvax were analyzed by ELISA using the truncated B5
protein as the capture antigen (Fig. 2F). Similar to the results
obtained using full-length B5 as an ELISA antigen, animals
immunized with PBS had no detectable truncated B5 antibod-
ies (�1:20), whereas both LC16m8 and Dryvax immune sera
contained antibody that recognized the N-terminal polypep-
tide of B5. In addition, VIG contained antibodies to the trun-
cated B5. Truncated B5 titers were lower in LC16m8- than in
Dryvax-immunized mice (P � 0.05). The data indicate that the
truncated B5R gene in LC16m8 results in the production of a
truncated B5 protein and suggest that this protein may be

responsible for the B5 antibody response following LC16m8
infection.

Cell-mediated immune response to LC16m8. The cell-medi-
ated immune response is believed to be an important compo-
nent of the protective immune response against poxvirus in-
fections. The cellular immune response to LC16m8 and Dryvax
was assessed by intracellular cytokine staining of splenocytes
obtained in mice 1 week and 6 weeks postimmunization.
Spleen cells from treatment groups were harvested at either 1
week or 6 weeks postinoculation and restimulated in vitro with
live vaccinia virus strain WR at a multiplicity of infection of 1.0.
The restimulated spleen cells were stained for intracellular
IFN-� and analyzed for IFN-�-secreting CD4� and CD8�

cells. PBS-treated mice had no detectable CD4�/IFN-�� or
CD8�/IFN-�� cells. Both Dryvax- and LC16m8-treated mice
had detectable CD4�/IFN-�� and CD8�/IFN-�� cells, sug-
gesting the activation of CD4� and CD8� lymphocytes in these
mice. The mean percentages of CD4�/IFN-�� and CD8�/
IFN-�� cells are presented in Fig. 3 for both the 1-week and
6-week analysis time points. The mean percentage of CD4�/
IFN-�� remained high after 6 weeks for the LC16m8 group
but dropped from 0.2% (week 1) to 0.13% (week 6) in the
Dryvax group. The percentage of CD8�/IFN-�� cells was

FIG. 3. Cell-mediated immune response to LC16m8 and Dryvax.
Groups of three mice were inoculated with PBS, LC16m8, or Dryvax,
and splenocytes were obtained 1 week or 6 weeks later and restimu-
lated in vitro with vaccinia virus strain WR at a multiplicity of infection
of 1.0. Cells were harvested about 18.5 h poststimulation (including a
2.5-h incubation in the presence of brefeldin A) and stained for primed
CD4� and CD8� cells expressing IFN-�. The percentages of primed
CD4�/IFN-�� and CD8�/IFN-�� spleen cells at 1 week and 6 weeks
postimmunization for three mice in each group were averaged. Error
bars represent standard deviations.
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higher after vaccination, with mean percentages of week 1
positive cells of 0.46% and 0.50% for the LC16m8 and Dryvax
groups, respectively. However, the percentage of CD8�/IFN-
��-positive cells dropped to 0.24% (LC16m8) and 0.21%
(Dryvax) by week 6. Furthermore, similar levels of IFN-�-
secreting cells were detected in spleen cells from LC16m8- and
Dryvax-treated mice when tested by enzyme-linked immuno-
spot assay (data not shown). Taken together, this set of data
indicates that LC16m8, as well as Dryvax, effectively primed
cells of the cellular arm of the immune response.

LC16m8 protection against lethal intranasal challenge with
vaccinia virus. The immune response data described above
suggest that LC16m8 elicits levels of antibody and cellular
immune responses comparable to those elicited by Dryvax in
mice save for the significantly lower level of anti-B5 response
provoked by LC16m8. The efficacy of LC16m8 in eliciting a
protective immune response was evaluated in a series of ex-
periments using the intranasal challenge model. Groups of
mice were treated with LC16m8 or Dryvax and were chal-
lenged with vaccinia virus strain WR via the intranasal route
and at 6 weeks postimmunization. In a preliminary experiment,
all mice treated with LC16m8 or Dryvax survived a 25-LD50

intranasal challenge with vaccinia virus strain WR, while none
in the PBS control group survived (data not shown). In subse-
quent experiments, mice were immunized with LC16m8 or
Dryvax and challenged at high dosages of 100 LD50 and 250
LD50 of vaccinia virus strain WR. Figure 4 shows representa-
tive plots of disease progression measured by weight loss (A)
and survival (B) from one of two identical experiments. Irre-
spective of the immunizing virus (LC16m8 or Dryvax), the
majority of mice lost weight between day 3 and day 6 postchal-
lenge, similar to PBS-treated mice (challenged with 100 LD50).
However, some mice in the LC16m8 and Dryvax groups, but
none in the PBS group, regained weight or survived beyond
day 6. Among mice vaccinated with LC16m8, 80% survived
either the 100-LD50 or the 250-LD50 challenge. All Dryvax-
treated mice (100%) survived the 100-LD50 and 60% survived
the 250-LD50 challenge. Thus, as with immune responses elic-
ited by LC16m8 and Dryvax, the two vaccine viruses conferred
similar levels of protection against stringent intranasal chal-
lenge with vaccinia virus strain WR.

DISCUSSION

Evaluation of new-generation smallpox vaccines will be com-
plex. As in the case of most vaccines, safety will be evaluated
both with preclinical animal models and in clinical trials.
Because of the well-documented safety issues of traditional
smallpox vaccines, there is a need for smallpox vaccines that
produce less vaccine-related adverse events. LC16m8 was de-
veloped in Japan toward the end of the smallpox eradication
campaign and is an attenuated virus derived by cold selection
upon passage of the Lister vaccine strain in primary kidney
cells (13). Although attenuated, LC16m8 is a replicating virus,
and it is not yet clear in which target populations it would
provide safety advantages over less-attenuated smallpox vac-
cines such as Dryvax. For example, all replicating vaccinia
viruses might pose unacceptable risks for immunocompro-
mised individuals. A direct comparison of LC16m8 with Dry-
vax for lethality upon intracranial inoculation has not been

reported. However, initial studies of the characterization of
LC16m8 compared the neurovirulence of LC16m8 with that of
its parent virus (Lister strain) by intracerebral inoculations into
rabbits and cynomolgus monkeys (13). The data suggested that
LC16m8, relative to Lister, was attenuated. In preliminary
experiments, we evaluated LC16m8 in BALB/cByJ and nu/nu
mice in comparison to Dryvax by tail scarification (data not
shown). All mice inoculated with vaccinia virus developed a
typical vaccine “take” between days 8 and 15 after inoculation.
While the inoculation site lesions healed in immunocompetent
BALB/cByJ mice, about 4 weeks after the inoculations, the
vaccinia virus-treated nu/nu mice developed pock lesions on
their tails at sites distal from the inoculation site, with some
having pock lesions on their eyes and trunk (data not shown).
No noticeable difference in attenuation was seen between
LC16m8- and Dryvax-treated nu/nu mice, suggesting that the

FIG. 4. Immune protection from lethal intranasal vaccinia virus
challenge. Groups of five mice were inoculated with PBS (PBS-100),
LC16m8 (LC-100 and LC-250), or Dryvax (Dryv-100 and Dryv-250).
After 6 weeks, mice were challenged intranasally with vaccinia virus
strain WR at 100 LD50 (“-100” groups) (3.2 � 106 PFU) or 250 LD50
(“-250” groups) (8.0 � 106 PFU) and weighed daily over a 2-week
period. Changes in body weight postchallenge (A) and the percentage
of surviving animals in each group after the 2-week monitoring period
(B) are shown. Data are representative of two identical experiments.
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reactogenicity of LC16m8 in immunocompromised animals is
not different from that of Dryvax in the mouse model. Never-
theless, LC16m8 may have safety advantages over nonattenu-
ated vaccinia virus vaccines in certain situations.

The efficacy evaluation of new-generation smallpox vaccines
will require a combination of immunogenicity and protection
studies of animal models complemented by immunogenicity
studies of human clinical trials. Vaccination with LC16m8 was
shown to elicit a broad immune responses and to protect an-
imals from lethal poxvirus challenge in a number of animal
models (7, 32) and was used to inoculate more than 50,000
children in Japan in the 1970s (reviewed in reference 20).
However, the efficacy of LC16m8 against smallpox has never
been demonstrated, since smallpox was no longer endemic at
the time of its use in Japan. In the work described here, a
comparative characterization of the immune responses to
LC16m8 and Dryvax, a vaccine used in the campaign to erad-
icate smallpox, with particular emphasis on the antibody re-
sponse to the vaccinia virus B5 protein, a dominant target for
vaccinia virus EV neutralization (30) that is truncated in
LC16m8, was undertaken.

Initially, we investigated the effect of dosage and route of
inoculation on antibody responses to LC16m8 and Dryvax.
Although vaccinia virus-based live smallpox vaccines were ad-
ministered by the percutaneous route, the influence of the
route of inoculation using attenuated live viral vaccines has not
been studied. In a preliminary dose-ranging experiment in
which groups of mice were inoculated subcutaneously with
LC16m8, there was a direct correlation between vaccine dose
and antibody levels (data not shown). This observation is sim-
ilar to data from dose-ranging studies using MVA (27). Both
LC16m8 and Dryvax induced a strong and persistent antibody
response after a single inoculation. When the viruses were
inoculated by the intramuscular, subcutaneous, and percuta-
neous (tail scarification) routes, the temporal antibody re-
sponse patterns were similar (Fig. 1). For both viruses, the
absolute intensity of the antibody reaction was similar for each
route of inoculation, although the titer was always highest after
tail scarification. This difference was more pronounced and
statistically significant for LC16m8. This enhanced response to
tail scarification could be the result of the proximity of the
inoculating virus to the important first messengers of the im-
mune response, ostensibly Langerhans cells, or it may reflect
the propensity of LC16m8 to grow on skin, since it was selected
for growth at reduced temperatures (13). A reduced immune
response was also observed for clinical trials in which vaccinia
virus was administered by alternatives to the percutaneous
route (12).

The composition of the MV and EV forms of vaccinia virus
has been well investigated (35; reviewed in reference 36), and
the two forms mediate virus dissemination. Thus, it is likely
that a potent smallpox vaccine must target both the MV and
EV forms of vaccinia virus. Previous work with subunit vac-
cines have shown that maximum protection occurs when com-
ponents of both the MV and EV forms are present in the
vaccine (8, 15, 16, 29). LC16m8 encodes the complete set of
MV and EV proteins, save the truncated form of B5 (21).

In our studies, similar broad-spectrum antibody responses
were elicited by both LC16m8 and Dryvax, as determined by
ELISA using Dryvax as the capture antigen (Fig. 1). A similar

antibody analysis reported previously suggested that LC16m8
elicited higher total anti-vaccinia virus antibody titers than did
Dryvax following immunization of mice (7). Although the assay
in that study utilized vaccinia virus WR as a capture antigen
rather than Dryvax, that difference seems unlikely to explain
the conflicting results since both Dryvax and WR are NYCBH
virus derivatives. We suspect that the different results are more
likely explained by slight differences in immunizing virus titers
used in the experiments. In our studies, we independently
determined the titer of each virus stock at the same time
before they were used in the reported experiments. Regard-
less, over the course of many independent experiments, we did
not observe obvious differences in total anti-vaccinia virus an-
tibody titers elicited by LC16m8 and Dryvax.

We also found that LC16m8 and Dryvax immunization elic-
ited similar titers of neutralizing antibody, as determined by a
quantitative reporter gene assay. As in a traditional plaque
neutralization assay, the neutralizing antibody measured in the
reporter gene assay is that which neutralizes the MV form of
the virus. Somewhat conflicting results were previously re-
ported regarding the relative levels of neutralizing antibody
elicited by LC16m8 and nonattenuated vaccinia viruses. The
results reported in one study suggested that LC16m8 elicited
higher rabbitpox-neutralizing antibody titers than did Dryvax
following immunization of rabbits (7). In a second study, sim-
ilar levels of monkeypox-neutralizing antibody were induced by
LC16m8 and the parent Lister virus (32). In a third study using
a traditional plaque neutralization assay against vaccinia virus
WR, similar levels of neutralizing antibody were observed in
sera from mice immunized with either LC16m8 or Dryvax (21).
Our results using a reporter gene assay appear to confirm that
equivalent doses of LC16m8 and Dryvax elicit similar MV-
neutralizing antibody titers in mice.

Galmiche et al. (9) previously demonstrated that immunization
with A33 protected mice from lethal vaccinia virus challenge,
indicating the importance of this EV antigen in protection. Sim-
ilarly, sera from animals immunized with B5 neutralized EV
infection in vitro, animals were protected from lethal vaccinia
virus challenge, and the majority of EV-neutralizing antibody
was shown to target B5 (3, 9, 30). A single-base deletion in the
B5R gene in LC16m8 results in a truncated B5R gene such that
the putative translational product is limited to the 91 N-termi-
nal amino acids (38), including the N-terminal signal sequence,
the full-length short consensus repeat 1 domain, and approxi-
mately 33% of the sequence of the short consensus repeat 2
domain (1).

We used multiple approaches to evaluate the comparative
EV responses to LC16m8 and Dryvax, including EV-specific
ELISAs and EV-neutralizing antibody assays. By ELISA, both
LC16m8 and Dryvax provoked similarly high titers of anti-A33
antibody (Fig. 2A). Somewhat unexpectedly, sera from
LC16m8 mice also contained B5-specific antibody, although
the anti-B5 antibody level in LC16m8 immune sera was statis-
tically significantly lower than that in Dryvax immune sera
(two-tailed P value of �0.05), and a measurable anti-B5 re-
sponse was not detected in every animal serum sample (Fig.
2A). In one other study, there was no detectable B5-specific
antibody response following LC16m8 immunization (28).
However, there was also no detectable anti-B5 response to
Lister immunization in those experiments either, suggesting
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that the assay employed was not as sensitive as the one that we
have developed and used here. In addition, we found that
immune sera from mice vaccinated with LC16m8 neutralized
EV as well as sera from mice vaccinated with Dryvax in vitro
(Fig. 2B). Although EV neutralization following LC16m8 im-
munization of mice was not observed in a previous report (28),
no EV neutralization was measurable in sera from Lister-
immunized mice, again suggesting difficulties in assay sensi-
tivity. In a separate report, similar levels of rabbitpox EV
neutralization were measured in sera from LC16m8- and
Dryvax-immunized rabbits (7). Taken together, the results in-
dicated that LC16m8 induces an EV-neutralizing response
similar to that of Dryvax.

In order to determine whether the observed EV neutraliza-
tion activity in mouse immune sera reported here is directed
against B5, B5-specific antibodies in LC16m8 and Dryvax an-
tisera were depleted by preincubation with the B5 protein and
tested for EV neutralization. Both Dryvax and LC16m8 im-
mune sera depleted of B5-specific antibodies retained the ca-
pacity to neutralize vaccinia virus EV (Fig. 2D), suggesting the
possibility of a B5-independent mechanism for EV neutraliza-
tion. The difference between our data and those reported pre-
viously (3, 30) may in part be due to differences in antibody
responses elicited in different host species. In this regard, it was
observed that a rabbit anti-vaccinia virus polyclonal antibody
neutralized EV that was produced from a mutant vaccinia virus
that was deleted of the B5R gene (22). In our hands, a rabbit
anti-vaccinia virus antibody and human VIG showed signifi-
cant reductions in levels of EV neutralization following anti-B5
antibody depletion compared to mouse anti-Dryvax hyperim-
mune serum (Fig. 2D). Although a recent report noted that a
baculovirus vector-expressed truncated B5 protein was not
protective by itself (28), the contribution of the truncated B5
protein to LC16m8-mediated protection remains to be deter-
mined.

While it may seem counterintuitive that an appreciable
anti-B5 titer could be generated by LC16m8 since the virus
encodes only a truncated B5 protein, there are at least two
plausible explanations that could account for this observation.
First, the intact B5R gene can be restored by a single-base
insertion generating full-length B5R, and such a virus has been
shown to replicate much better than LC16m8 (21). The titer of
anti-B5 antibody for each mouse vaccinated with LC16m8 may
be reflective of how quickly the conversion of the replicating
LC16m8 to a B5-expressing variant occurs. Consistent with this
hypothesis, we observed that hyperimmune mouse serum
raised by multiple tail scarification with LC16m8 recognized
B5 by Western blot analysis, whereas LC16m8 hyperimmune
serum raised by intraperitoneal inoculation did not despite
containing high levels of anti-vaccinia virus IgG against the
MV form detected by ELISA (data not shown). Limited rep-
lication at the elevated temperature in the peritoneum com-
pared to the dermis might result in a limited amount of B5R
reversion. The second possibility that might account for the
generation of an appreciable antibody response to B5 in
LC16m8-immunized animals is that the truncated B5 protein
that is predicted from the sequence actually results in a protein
that is immunogenic. We used several means to investigate this
possibility. We found that the truncated form of B5 was abun-
dantly expressed in RK-13 cells infected with LC16m8 and was

detected with a monoclonal antibody, VMC-30 (NR 561) (1),
that recognizes amino acids 56 to 75 of the B5 polypeptide
(Fig. 2E). Here, we demonstrate, unambiguously, that the B5R
lesion in LC16m8 results in the production of a truncated B5
protein. In addition, we expressed a recombinant version of the
truncated B5 protein in a Semliki Forest virus vector system
and used this purified antigen to set up a truncated B5-specific
ELISA. The results demonstrated that serum samples from
mice that were immunized with either LC16m8 or Dryvax
recognized this truncated B5 antigen. High-titer human anti-
body (VIG) also recognizes the truncated B5 (Fig. 2F). Al-
though the results cannot formally establish that the truncated
B5 antigen produced by LC16m8 is responsible for the EV-
neutralizing ability of sera from LC16m8-immunized mice,
they strongly suggest this possibility. Additional studies to pro-
duce a high-titer antiserum that is specific to the truncated B5
protein may be able to help resolve this question.

Several studies indicated that cell-mediated immunity is also
important for protection against orthopoxviruses (6, 19, 39,
40); however, there have been no previous comparative studies
of the cell-mediated response to LC16m8. We showed that
splenocytes from mice immunized with LC16m8 elicited spe-
cific T-cell responses (Fig. 3), including the activation of vac-
cinia virus-specific CD4� and CD8� cells similarly to Dryvax-
treated mice, indicating that LC16m8 primes naïve T cells for
a cellular response.

Since efficacy studies using humans are not feasible, animal
protection studies are a critical component of the efficacy eval-
uation for candidate smallpox vaccines. However, there are a
variety of animal models for assessing the protective capacity
of smallpox vaccines that have been described. In addition,
comparison of protective capacities is oftentimes not straight-
forward because of differences in experimental setups. In two
previously reported studies using a mouse intranasal challenge
model, LC16m8 appeared to provide protection similar to that
of either vaccinia virus Lister or Dryvax when mice were chal-
lenged with relatively low doses of vaccinia virus WR (106 PFU
[10 LD50]) (21, 28). In the experiments reported here, we used
a similar mouse intranasal challenge model and observed that
inoculation with equivalent doses of either LC16m8 or Dryvax
protected mice against a high-dose challenge with vaccinia
virus WR (100 or 250 LD50) (Fig. 4). These results confirm the
previously reported results using this model and provide addi-
tional supportive data to indicate that LC16m8 may be similar
to Dryvax in its ability to provide protection against an or-
thopoxvirus challenge. LC16m8 was also shown to be compa-
rable to Dryvax for protection of rabbits against rabbitpox
challenge and protection of mice against ectromelia virus chal-
lenge, although those experiments employed relatively low
doses of orthopoxvirus challenge (7). Similarly, LC16m8 was
shown to be comparable to vaccinia virus Lister for protection
of monkeys against monkeypox challenge, although the rigor
of the challenge doses used is not clear (32). Thus, although
the total database is still limited, the data to date indicate a
favorable comparison between the protective capacity of
LC16m8 and those of other nonattenuated vaccinia viruses in
several relevant animal models.

In summary, the data presented in this work suggest that,
overall, LC16m8 and Dryvax elicited similar levels of antibody
and cellular responses and conferred similar levels of protec-
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tion in mice. However, a major difference in the immune re-
sponses to LC16m8 and Dryvax lies in the level of IgG against
the B5 protein. Although B5 is a dominant target for the
vaccinia virus EV-neutralizing antibody response, and a
weaker antibody response against B5 is elicited by LC16m8
than by Dryvax, both vaccines seem to elicit similar levels of
protection and, indeed, neutralization of both MV and EV.
The results suggest that the level of the response against B5,
albeit lower than that elicited by Dryvax, may contribute to
protective immunity, and B5-independent mechanisms may be
involved in EV neutralization in the mouse model. Alterna-
tively, a redundant immune response that targets many other
virus proteins may be sufficient to compensate for the loss of
any particular protective antigen. Studies which selectively ad-
dress the role of individual vaccine antigens in the protective
response should be able to address this question and provide a
sound basis for evaluating new-generation smallpox vaccines.
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