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Abstract
The heightened concern about the intentional release of variola virus has led to the need to develop
safer smallpox vaccines. While subunit vaccine strategies are safer than live virus vaccines, subunit
vaccines have been hampered by the need for multiple boosts to confer optimal protection. Here we
developed a protein-based subunit vaccine strategy that provides rapid protection in mouse models
of orthopoxvirus infections after a prime and single boost. Mice vaccinated with vaccinia virus
envelope proteins from the mature virus (MV) and extracellular virus (EV) adjuvanted with CpG-
ODN and alum were protected from lethal intranasal challenge with vaccinia virus and the mouse-
specific ectromelia virus. Organs from mice vaccinated with three proteins (A33, B5 and L1) and
then sacrificed after challenge contained significantly lower titers of virus when compared to control
groups of mice that were not vaccinated or that received sub-optimal formulations of the vaccine.
Sera from groups of mice obtained prior to challenge had neutralizing activity against the MV and
also inhibited comet formation indicating anti-EV activity. Long-term partial protection was also
seen in mice challenged with vaccinia virus 6 months after initial vaccinations. Thus, this work
represents a step toward the development of a practical subunit smallpox vaccine.
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1. INTRODUCTION
Concern about the intentional release of variola virus by terrorists has stimulated efforts to
develop safer smallpox vaccines [1,2]. While the current licensed live vaccinia virus-based
vaccine is extremely effective [3] and results in remarkably long-lived immune responses (e.g.,
[4]), it has an unacceptable safety profile [5,6] for wide use when considered in today’s setting
of global eradication of active smallpox disease. Approaches to develop safer smallpox
vaccines have ranged from the study of more attenuated live vaccinia viruses (such as MVA
[7–9] or LC16m8 [10,11]) to subunit vaccines that rely on specific viral targets delivered either
as DNA plasmids [12–15] or purified proteins [16–19].

These subunit vaccine strategies mainly target key proteins found on the envelopes of the
infectious virions [20,21]. Orthopoxviruses, like variola virus, monkeypox virus, ectromelia
virus, and vaccinia virus generate two major infectious forms [22]. The preponderance of
progeny virus made during an infection is called the mature virus (MV), which contains an
outer membrane studded with viral proteins. This form is the main component of live viral
preparations and is believed to be the form of virus that is naturally transmitted from host to
host. Some key targets of neutralizing antibody found on the MV envelope are encoded by the
L1R [23–25] and A27R [26–28] [] genes. During an infection, a small portion of the MV
subsequently acquires a second viral envelope and exits the cell as an infectious form termed
the extracellular virus (EV). EV is critical for spread of the virus from cell-to-cell and to distant
sites within a host. Some key targets on the EV envelope that are important for protection are
encoded by the A33R [29] and B5R [30,31] genes. Because the viral proteins present on MV
and EV envelopes differ, there is rationale and evidence [12–14,17] to include proteins from
both virion forms to confer maximal protection. Theoretically, antibody responses to MV
proteins could neutralize some of the initial infecting inoculum, while antibodies to EV targets
would then limit spread of the progeny virus within the infected host. This pre-existing humoral
defense would then allow the host immune response to develop and eradicate the infection.

The MV protein target L1 and the EV protein targets A33 and B5 have been studied previously
in a protein vaccination strategy [17]. Using 10 μg of each protein in a Ribi adjuvant system
(MPL TDM) or the saponin adjuvant QS-21, it was found that three to four subcutaneous
vaccinations given every 3 weeks were required for optimal protection. We sought to build on
this information to determine if we could develop a strategy that would confer protection more
rapidly and using lower amounts of proteins, ideally after only two vaccinations given over a
two-week period. In the setting of a smallpox outbreak, this goal would allow safe vaccination
of large populations of unexposed but susceptible hosts [32,33]. We selected the adjuvant CpG-
ODN, a synthetic toll-like receptor (TLR)-9 agonist [34], which has shown promise as a potent
adjuvant to other protein subunit vaccines in various animal models [35,36] as well as in
humans [36,37]. We also investigated if this approach would require the addition of a fourth
viral protein target. Finally, we examined whether this vaccination strategy would confer
protection against challenge infection with the heterologous orthopoxvirus, ectromelia virus,
in a susceptible mouse strain. Our results support the feasibility/effectiveness of this
vaccination scheme, and encourage us to consider that a subunit vaccine approach be pursued
as a way to provide protection against orthopoxvirus infections in a relatively short period of
time.

2. MATERIALS AND METHODS
2.1. Proteins and vaccine formulations

Histidine-tagged ectodomains of the vaccinia virus B5 and L1 proteins were expressed in a
baculovirus system and purified from infected insect cell supernatants as previously reported
[38,39]. The A27L and A33R open reading frames (ORF) were PCR amplified from the cloned
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HindIII A fragment of the vaccinia virus (WR) genome. For A27, the forward primer used for
PCR amplification was: 5'-gcgcggatccaatggacggaactcttttccccggagat-3' (adds BamHI (bold))
and the reverse primer was 5'-
gcgcgaattcagtggtgatggtgatgatgctcatatggacgccgtccagtctgaa-3' (adds six histidine codons
(underlined) to the 3’ end of A27L ORF as well as an EcoRI site (bold)). A similar strategy
was used to produce a soluble, secreted form of A33. Thus, the predicted transmembrane
domain of the full-length A33 protein (residues 41–57) was excluded and only residues 58–
185 were expressed. The forward primer for PCR amplification of the truncated A33R ORF
was: 5'-cgccggatccacgcctaaatcaatgcatg -3' (adds BamHI site (bold)) and the reverse PCR
primer was 5'-cgccgaattcaatggtgatggtgatgatggttcattgttttaacacaa -3' (adds 6 histidine codons
(underlined) to the 3’ end of A33R ORF as well as an EcoRI site (bold)). The PCR products
were digested with BamHI and EcoRI and ligated into the baculovirus transfer plasmid, pVT-
Bac [40] that was digested with BamHI and EcoRI. Thus, the final recombinant plasmids
contained ORFs consisting of the melittin signal sequence followed, in frame, by the entire
A27L ORF or the A33 ectodomain (codons 58–185) and then 6 histidine codons. The resulting
pVT-Bac plasmids were co-transfected into Sf9 insect cells with baculovirus DNA
(BaculoGold, BD-Pharmingen) and after several days, recombinant virus was obtained. The
viruses were plaque purified and high titer stocks were prepared. Recombinant A27 or A33
protein was secreted into the culture medium of baculovirus-infected cells and was purified
using nickel-NTA agarose. The purified recombinant proteins were analyzed by SDS-PAGE
followed by silver staining and western blotting. The purified A33, B5, L1, and A27 proteins
were stored frozen in PBS at 5 mg/ml final concentrations. Proteins (each used at 2 μg/mouse)
were added to alum, in the form of aluminum hydroxide (Alhdrogel, Accurate Chemical,
Westbury, NY). The amount of alum used in the vaccine formulation was based on 25 μg of
aluminum ion/μg of total protein. A wholly phosphorothioate B-class mouse specific CpG
ODN (sequence #1826, TCC ATG ACG TTC CTG ACG TT) (Coley Pharmaceutical Group,
Wellesley, MA) was used at 50 μg/mouse. Sterile PBS was added such that the final volume
injected into each mouse was 50 μl. On the morning of vaccinations, the vaccine formulations
were prepared, mixed at room temperature for 2 to 3 hours on a rotation mixer, and then loaded
into syringes.

2.2. Mice and vaccinations
Female BALB/c mice, purchased from Charles River and housed in microisolator cages, were
vaccinated when they were approximately six weeks old. Groups of 5 to 12 mice were
vaccinated by priming on day 0 and boosting 2 weeks later using an intramuscular (i.m.) route.
We used i.m. injections instead of subcutaneous (s.q.) because work with CpG and other
antigens revealed that i.m. administration was superior to s.q. (H. Davis, unpublished
observation). For all immunizations, the hair of the right hind leg of anesthetized mice was
removed with a depillary and 50 μl of the vaccine formulation was injected i.m. into the
gastrocnemius muscle of each mouse using a 0.3 ml insulin syringe with a 29-gauge needle
(Becton Dickinson). Control groups were vaccinated with antigen formulations with and
without CpG and/or alum. A positive control involved vaccination of mice once at day 0 with
vaccinia virus (106 plaque forming units (pfu)) inoculated by tail scarification. As a negative
control, a group of naïve-unvaccinated mice was included with each experiment.

2.3. Vaccinia virus and ectromelia virus challenge
Vaccinia virus (strain WR) was grown in BSC-1 cells in culture media (MEM containing 2.5%
FBS and antibiotics/antimycotics) and pelleted twice through a 36% sucrose cushion (10 ml)
at ~24,000 g for 60 min. Ectromelia virus (virulent Moscow strain) was grown in BSC-1 cell
monolayers from seed virus kindly provided by R. M. Buller (St. Louis University, St. Louis,
MO). Virus was released from infected cell pellets by homogenization, then low-speed
centrifugation to remove cell debris, followed by pelleting the virus through a 36% sucrose
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cushion (17 ml) at ~33,000 g for 80 min. Titers were determined by plaque formation in BSC-1
cells. Ectromelia virus LD50 determination (by the intranasal route) were carried out in 12–14
wk old susceptible BALB/c mice with LD50 values of ~5 pfu. Depending on the experiment,
~3 to 5 weeks after the second vaccination, anesthetized mice were challenged intranasally
with ~6 x 106 pfu of vaccinia virus (strain WR) or 103 pfu of ectromelia virus (Moscow strain)
in a 20 μl volume. Mice were weighed each day and morbid mice or mice that had reached
>30% weight loss were humanely sacrificed. In some experiments, several mice were sacrificed
at day 3 and day 5 after challenge and the lungs and spleens were harvested. Harvested organs
were placed in pre-weighed microcentrifuge tubes containing 0.5 ml of culture media and
stored at −70 °C. The organs were homogenized using a pellet pestle system (Kontes), frozen
and thawed three times, and then sonicated prior to titration. After low-speed centrifugation,
the clarified supernatants were serially diluted and titrated on monolayers of BSC-1 cells and
viral titers were quantitated by crystal violet staining of the monolayer 48 hrs after infection
and counting the resulting plaques.

2.4. Determination of antibody responses by ELISA, virus neutralization, and comet
inhibition assays

Mice were bled prior to vaccination, a day prior to boost, and a day prior to challenge. Equal
volumes of heat-inactivated serum from individual mice in each group were combined and
assayed at a 1:550 dilution by direct ELISA on plates coated with the baculovirus expressed
B5, L1, and A27 purified proteins at 5 μg/ml. Because all protein vaccines contained both EV
proteins, we only tested responses against B5. In addition, based on initial pilot tests of sera
reactivity by ELISA, we selected a 1:550 dilution serum dilution to examine all sera. After 1
hr incubation at 20 °C, plates were washed, probed with anti-mouse secondary antibody, and
the absorbance determined as described previously [38]. Standard MV plaque reduction
neutralization assays were carried out in duplicate by mixing ~200 pfu of MV with heat-
inactivated sera from groups of mice at a concentration of 1:100, 1:1000, or 1:10,000 in a 100
μl final volume of culture media. After 1 to 2 hr incubation at 37 °C, a portion of the incubated
mixture was then added to 1 ml culture media in a well of a 6-well plate containing a confluent
monolayer of BSC-1 cells. After 2 hours at 37 °C in a 5% CO2 atmosphere, the media was
removed and the well overlaid with culture media containing 1% carboxymethylcellulose. The
plates were incubated for ~2 days and then plaques were visualized by crystal violet staining.
Comet inhibition assays were carried out on confluent monolayers of BSC-1 cells in 6-well
plates initially infected for 2 hr with 20 to 30 pfu of vaccinia virus (strain IHDJ). The infecting
inoculum was removed and 1.5 ml of fresh culture media containing heat-inactivated sera from
groups of mice at 1:50 final concentration was added to each well. The plates were incubated
for ~36 hr and then plaques were visualized by crystal violet staining.

3. RESULTS
3.1. Mice are protected from lethal challenge after only two vaccinations

Prior work with the vaccinia virus protein components in the Ribi adjuvant system (MPL TDM)
or the saponin adjuvant QS-21 required 3 to 4 vaccinations given at 3-week intervals to confer
optimal protection [17]. We elected to study vaccinations with the adjuvant CpG given 2-weeks
apart, the goal being to confer protection after a prime and a short-interval single boost. The
prior study had shown that a mixture of 3 proteins, A33, B5, and L1 was superior to individual
proteins or a combination of two proteins, so we used this as the basis of proteins to study in
the new vaccine formulation. Second, we examined if an alternative MV target, A27, to which
MV neutralizing antibody can be generated [26,41], could substitute for the MV L1 protein or
if there was a benefit to adding this fourth protein to the vaccine cocktail. We also used the
proteins at 2 μg/mouse, which represents 5-times less protein than the prior study.
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As shown in Figure 1, mice vaccinated i.m. with A33, B5, L1 in adjuvant (ABL/CpG/alum),
boosted 2 weeks later, and then intranasally challenged with ~15LD50 of vaccinia virus strain
WR, conferred excellent protection against challenge as witnessed by survival (Figure 1A).
These animals also experienced less weight loss after challenge than the group that received
live vaccinia virus vaccination by scarification 5 weeks prior to challenge (Figure 1B). In this
experiment the 3-protein formulation of ABL/CpG/alum performed as well as the 4-protein
(A33, B5, L1, and A27) formulation in CpG/alum. The inclusion of both CpG and alum were
key components of the vaccine formulations that conferred protection since the formulation of
4-proteins plus alum alone (Figure 1) or the combination of 4-proteins plus CpG alone (data
not shown) provided no protection. Groups of mice vaccinated with these suboptimal
formulations fared no better than the challenged unvaccinated naïve mice (Figure 1A & B).
We also determined that the ability of CpG to stimulate the innate immune system [34] had no
residual non-specific effect on vaccinia virus pathogenesis at the time of challenge because
mice injected with CpG/alum without antigens had no protection (Figure 1A & B).

Finally, in this experiment we also determined if the MV protein A27 could substitute for L1
in the 3-protein vaccine formulation that included two EV targets (A33 and B5). We found
that mice vaccinated with A33, B5, and A27 (ABA/CpG/alum), boosted 2 weeks later, and
then intranasally challenged with ~15LD50 of vaccinia virus strain WR, were not protected
against challenge as measured by survival (Figure 1A) and weight loss (Figure 1B). As
discussed earlier, the 3-protein formulation containing A33, B5, and L1 (ABL/CpG/alum)
conferred much better protection with all mice surviving challenge. Table 1 summarizes the
data for multiple experiments where these vaccine formulations were used. While the ABA/
CpG/alum formulation consistently provided the poorest protection with the greatest weight
loss and only <50% survival of challenged mice, there was more variability of the ABL
formulation when compared to the 4-protein (ABLA) formulation in experiments that were
done months apart. This discrepancy may represent a combination of the variability of the
protein preparations used for vaccinations, the challenge virus preparations, and in the mice
and vivarium conditions.

We next determined if vaccination with the vaccinia virus proteins would protect mice against
challenge with a heterologous orthopoxvirus, the pathogenic mousepox virus (ectromelia virus)
[42]. Since BALB/c mice are highly susceptible to ectromelia virus infection, we felt that this
challenge model would also amplify differences in the effectiveness of the various vaccines.
This was important because as discussed above, in some vaccinia virus challenge experiments
the 4-protein ABLA/CpG/alum formulation had enhanced protection compared to the 3-protein
ABL/CpG/alum formulation. To our surprise, mice were fully protected from a 200LD50
intranasal challenge of ectromelia virus after vaccination with either ABLA/CpG/alum or ABL/
CpG/alum formulations (Figure 2A). All protected groups experienced <5% weight loss
(Figure 2B). In pilot studies, we found that some control unvaccinated mice could initially
survive an intranasal challenge with a lower dose of ectromelia (1 to 5 pfu) for as long as 30
days before succumbing to infection. Therefore, we followed the vaccinated groups for 40 days
and found that no late deaths occurred in any vaccinated mouse groups (Figure 2B).

Finally, we examined if the subunit vaccination strategy would provide any long-term
protection against lethal vaccinia virus challenge. In this experiment, mice that received the
standard primary vaccination followed by a single boost 2 weeks later were challenged with
vaccinia virus 6 months after the last vaccination. As shown in Figure 3, mice vaccinated by
scarification with live vaccinia performed the best with 100% survival and ~12% weight loss
that occurred early after challenge. Mice immunized with the adjuvanted subunit vaccines,
either the 3-protein (ABL/CpG/alum) or 4-protein (ABLA/CpG/alum) formulations were
partially protected when challenged 6 months after the boost. In both of these groups, 5 out of
6 mice survived lethal challenge (Figure 3A) and although they experienced ~ 25% weight loss
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by week 1, they recovered to nearly their starting weights by 2 weeks post challenge (Figure
3B). Similar to the experiments with mice challenged 3 weeks after the boost vaccination
(Figure 1), all mice challenged 6 months after receiving the suboptimal formulations (ABA/
CpG/alum, ABLA/alum, or CpG/alum) either died or needed to be humanely sacrificed.

3.2. Viral titers are lower in organs of challenged mice after effective vaccination
To determine if the vaccination strategy conferred “sterilizing” immunity, we examined viral
titers in organs at day 3 and day 5 after challenge. To do this, mice were immunized with each
preparation and challenged in parallel to the protection studies shown in Figure 1 and Table 1.
These mice were sacrificed at day 3 or day 5 post challenge and the lungs and spleens were
harvested for virus titration. Mice immunized with live vaccinia virus showed the lowest titers
in the lungs at both time points (Figure 4A) and virus was below the level of detection in the
spleen (Fig. 4B). In all cases where protein vaccines were used, some virus was detected in the
spleen at 3 days post challenge, indicating that virus had spread systemically. However, titers
were below the level of detection by day 5 (Figure 4B). Viral titers in both organs paralleled
the relative protection of each of the vaccination strategies. Mice that were immunized with
ABLA/CpG/alum or ABL/CpG/alum prior to virus challenge had viral titers in their lungs that
were nearly 1,000-fold lower than the lung titers of unvaccinated controls. In both groups the
lung and spleen titers continued to drop between days 3 and 5 (in fact the spleen titer was below
the level of detection by day 5) indicating that these animals were controlling spread of the
infection. In contrast, mice immunized with ABA/CpG/alum, which conferred little to no
protection after challenge (Figure 1), had nearly the same lung titers as the unvaccinated
controls at day 3 and day 5 (Figure 4A). Viral titers in the spleens of vaccinated mice (Figure
4B) were nearly 2-logs lower than those of control unvaccinated mice at day 3 after challenge,
indicating that vaccination altered virus spread. However, even the mice vaccinated with ABA/
CpG/alum, which were poorly protected from death and had high titers of virus in the lungs,
showed less virus in the spleen compared to the control unvaccinated mice.

Figures 4C and 4D depict viral titers in the lungs and spleens of mice vaccinated and challenged
at a different time. In this set of data, all groups of mice followed in parallel for survival and
weight loss were more acutely sick after vaccinia virus challenge (Table 1, column #3). Groups
of mice receiving vaccinations that conferred 100% protection (ABLA/CpG/alum and vaccinia
virus) showed >2.5-logs lower viral titers in the lungs (Figure 4C) and had lower titers in the
spleen (Figure 4D) at 3 or 5 days post-challenge than unvaccinated controls or groups receiving
sub-optimal vaccine formulations that showed no protection (ABLA/CpG, ABLA/alum, and
ABA/CpG/alum) (Figure 4C). At day 3 post-challenge, all vaccinated groups, even those
receiving suboptimal formulations, had at least 10-fold lower titers in the spleen relative to the
control unvaccinated mice, but by day 5 post-challenge, only groups of mice that had good
protection (vaccinia virus vaccinated, ABLA/CpG/alum, and ABL/CpG/alum) had
significantly lower titers of virus in the spleen (Figure 4D).

3.3. Sera from vaccinated groups have anti-MV and EV activity
We obtained sera from groups of mice obtained 2 weeks after the initial vaccination (prior to
the boost) and 3 weeks after the boost (just prior to lethal challenge) and tested them by ELISA
for reactivity to the purified proteins. Sera from all groups taken 2 weeks after the first
vaccination showed little to no reactivity (data not shown). Sera of mice vaccinated with
proteins along with CpG and alum taken 3 weeks after the boost showed good reactivity to the
proteins that were part of their particular formulation (Figure 5A). Sera from mice vaccinated
with the 4-proteins plus CpG (without alum) showed no measurable antibody titers to any of
the proteins (data not shown). Interestingly, reactivity to A27 in mice vaccinated with 4-
proteins plus alum (without CpG) was quite strong (Figure 5A). Despite the high level of anti-
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A27 antibody generated by vaccination with ABLA/alum (no CpG) or ABA/CpG/alum, these
vaccine formulations offered little to no protection (Figure 1 and Table 1).

To try to understand why, despite good anti-A27 ELISA responses, mice vaccinated with ABA/
CpG/alum fared worse in terms of protection than mice vaccinated with ABL/CpG/alum, we
examined the ability of sera from these vaccinated mice to neutralize MV. Since A27 and L1
are the only MV protein targets that are part of each of these 3-protein vaccine formulations,
MV-neutralizing activity of the sera should be due to antibody responses to each of these
proteins. As shown in Figure 5B, sera taken 2 weeks after vaccination had little to no MV-
neutralizing activity. However, for mice immunized with ABL/CpG/alum or with ABLA/CpG/
alum, sera taken 3 weeks after the boost had close to 100% MV-neutralizing activity (at 1:1000
dilution). Even when these sera were diluted at 1:10,000, they had 80% MV-neutralizing
activity. In contrast, sera from mice immunized with ABA/CpG/alum exhibited little to no
MV-neutralizing activity. Thus, even though A27 was highly immunogenic, it did not result
in potent neutralizing antibodies after two-dose vaccinations in combination with CpG and
alum. Sera from the group that received vaccinia virus vaccination had much lower anti-L1
and A27 reactivity by ELISA (Figure 5A), but it still was able to neutralize ~70% of MV. This
good neutralization activity despite low ELISA activity to L1 and A27 is likely due to the
multiple potential targets of MV-neutralizing activity that are generated by live vaccinia virus
vaccination.

Finally, to assess the anti-EV activity of the mouse sera from vaccinated mice, we performed
a comet inhibition assay of the sera on cells infected with the IHDJ strain of vaccinia virus,
which generates comet-type plaques when grown in liquid media. As shown in Figure 5C,
similar to sera from mice vaccinated with live vaccinia virus, sera from mice vaccinated with
the various protein combinations along with CpG and alum reduced comet formation when
compared to the unvaccinated controls. This indicates that these vaccinated groups developed
functional antibodies that altered comet formation, while groups vaccinated with ABLA/alum
(no CpG) or CpG/alum (no proteins) had not effect on comet formation (data not shown).

4. DISCUSSION
The ability to rapidly confer protection with a minimum number of vaccinations is an important
part of a preparedness equation against potential bioterrorism with an agent like smallpox. Here
we report a step toward such a goal using the purified ectodomains of vaccinia virus envelope
proteins prepared from a baculovirus expression system. We chose to test these antigens
together with CpG and alum as vaccine adjuvants, since this adjuvant combination has been
shown to work well with a subunit vaccine for hepatitis B virus (HBV) in animal models for
quickly inducing high levels of antibody with less reactogenicity than other adjuvants [43], to
allow lower doses of antigen to be used [44], and to overcome the immature [45] or genetically
hyporesponsive immune system [46]. Furthermore, in a phase I human study in healthy
volunteers, addition of CpG to a commercial HBV vaccine that also contains alum induced
significantly faster and higher levels of HBV-specific antibodies [37] of significantly enhanced
avidity [47]. A subsequent phase II trial in HIV-infected subjects who had failed to respond
adequately to previous HBV vaccination produced similar results [36]. All of these features
made the CpG/alum adjuvant combination of interest to test with the vaccinia proteins.

In the present study we found that a vaccine formulation containing MV and EV proteins with
CpG and alum conferred complete protection in mice within 5 weeks of initiating the protein
vaccinations. This level of protection was similar to that provided by vaccination with live
vaccinia virus by tail scarification. Partial protection from the protein vaccinations was still
present 6 months after the initial vaccinations. While the long-term protection with the subunit
vaccine was definitely not as robust as the protection conferred by live vaccinia virus
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vaccination, it does show that some protective immunity after subunit vaccinations is present
long after the initial vaccinations. These findings may be important in the setting of either an
actual monkeypox or variola virus outbreak. A prophylactic subunit vaccination could be an
initial strategy to safely provide a significant degree of baseline immunity against
orthopoxvirus infections and might also improve the safety profile of a subsequent live vaccinia
virus vaccination.

While sterilizing immunity was not found with either live vaccinia virus vaccination or the
subunit vaccines, virus titers in organs from mice sacrificed at various times after lethal
challenge showed that groups that were protected from challenge had lower titers of challenge
virus than groups with little or no protection. This indicates that vaccination provides protection
against lethal challenge by allowing the host time to clear the infection. In the setting of
ectromelia challenge of highly susceptible mice, vaccination protected from early and late
death. The exact immunologic correlates of protection to orthopoxvirus infections are not
known. Because the 3-protein vaccination strategy with ABA was not protective, it is clear
that potent EV targets (A33 and B5) are not sufficient for optimal immunity. This is similar to
the findings of the prior work with these proteins in different adjuvants [17]. As seen in Figure
5A, A27 was very immunogenic. When A27 was included in vaccine formulations, high sera
reactivity was seen against it both in the presence of CpG (ABA/CpG/alum) and in the absence
of CpG (ABLA/alum). However despite this high anti-A27 antibody, little to no protection
was seen when compared to a similar 3-protein formulation containing L1 (ABL/CpG/alum).
A potential explanation for this finding is seen when sera was examined for its ability to
neutralize MV in a plaque reduction assay. Despite the high antibody titers to A27, sera from
ABA vaccinated mice showed little to no MV neutralization activity when compared to sera
from ABL vaccinated mice. Of note, this baculovirus-produced A27 protein when given
repeatedly to mice and rabbits (initially in complete Freund’s adjuvant and then in incomplete
Freund’s adjuvant), induced excellent neutralizing polyclonal antibody (data not shown). Thus,
a prime and single boost vaccination with A27 appears to be insufficient to induce a good
neutralizing antibody response to the protein.

ABL/CpG/alum provided a similar level of protection as ABLA/CpG/alum in two out of three
short-term vaccinia virus challenges. Additionally, both formulations offered some long-term
protection as seen when mice were challenged 6 months after initial vaccinations. Whether the
addition of A27 to the cocktail containing A33, B5, and L1 afforded enhanced protection is
difficult to say, since it appeared to help in one case where vaccinia was used for challenge but
not in two others (Table 1). Furthermore, ABL/CpG/alum provided a similar level of protection
as ABLA/CpG/alum in ectromelia challenge experiments indicating that the three proteins
were sufficient to protect against this heterologous challenge. However there may still be a
need for an additional protein(s) to protect against monkeypox and variola infections in
humans. In addition, while we focused on the humoral responses to protein vaccination in this
report, future studies will also evaluate the contribution of T-cell responses to the CpG/alum-
adjuvanted poxvirus protein vaccines.

Finally, it is worth emphasizing that the ectromelia challenge experiments are a good indication
of the ability of the subunit vaccine strategy to protect against a heterologous virus challenge.
There are 17 amino acid differences between the vaccinia virus (strain WR) A33 ectodomain
and its ortholog in ectromelia virus (Moscow strain) [48]. For B5 and L1 ectodomains, there
are 13 and 3 amino acid differences between the vaccinia virus and ectromelia virus orthologs,
respectively [48]. Clearly, these differences had no significant effect on the protection afforded
by the subunit vaccination strategy we used. That being said, it is worth considering using
proteins based on the variola virus sequence for a subunit vaccine strategy to protect against
smallpox. While there is only 1 amino acid difference between the vaccinia virus (strain WR)
L1 ectodomain and its ortholog in variola virus (Bangladesh-1975) [48], the A33 and B5
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ectodomains have 10 and 21 amino acid differences between the vaccinia virus and variola
virus orthologs, respectively [48]. Using the variola proteins would potentially prevent missing
critical antibody and cellular epitopes and we are currently pursuing this approach.
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Figure 1.
Survival and weight loss after vaccinia virus challenge. Six mice/group were vaccinated with
vaccinia virus by scarification (VV-vac) or with vaccine formulations containing A33, B5, L1
along with CpG and alum (ABL/CpG/alum), A33, B5, L1, A27 along with CpG and alum
(ABLA/CpG/alum) or A33, B5, A27 along with CpG and alum (ABA/CpG/alum). Control
groups included unvaccinated naïve mice (Control), CpG and alum (CpG/alum), and the 4-
proteins and alum (ABLA/alum). Three weeks after the boost vaccination, groups were
challenged intranasally with ~15LD50 (~6 x 106 pfu) of vaccinia virus (strain WR). A. Survival
curve. B. Weight loss during the course of infection.
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Figure 2.
Ectromelia virus challenge after prime and boost vaccinations. Six mice/group were vaccinated
with vaccinia virus by scarification (VV-vac) or with vaccine formulations containing A33,
B5, L1 along with CpG and alum (ABL/CpG/alum) or A33, B5, L1, A27 along with CpG and
alum (ABLA/CpG/alum). A control group of unvaccinated naïve mice (Control) was included.
Four to five weeks after the boost vaccination, groups were challenged intranasally with
~200LD50 (~1 x 103 pfu) of ectromelia virus (Moscow strain). The experiment was performed
twice with identical results. A. Survival curve. B. Weight loss during the course of infection.
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Figure 3.
Long-term protection after vaccination. Six mice/group were vaccinated with vaccinia virus
by scarification (VV-vac) or with vaccine formulations containing A33, B5, L1 along with
CpG and alum (ABL/CpG/alum), A33, B5, L1, A27 along with CpG and alum (ABLA/CpG/
alum), and A33, B5, A27 along with CpG and alum (ABA/CpG/alum). Control groups included
unvaccinated naïve mice (Control), CpG and alum (CpG/alum), and the 4-proteins and alum
(ABLA/alum). Six months after the boost vaccination, groups were challenged intranasally
with ~15LD50 (~6 x 106 pfu) of vaccinia virus (strain WR). A. Survival curve. B. Weight loss
during the course of infection. The unvaccinated control group, as well as mice that received
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the suboptimal vaccine formulations: ABA/CpG/alum, CpG/alum, and ABLA/alum all rapidly
lost weight and either died or were humanely sacrificed.
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Figure 4.
Viral titers in organs at various times after challenge. Viral titers in lungs (A and C) and spleens
(B and D) from groups of 3 mice sacrificed at day 3 (black bars) and day 5 (striped bars) post-
challenge. Data are from two separate vaccination and challenge experiments where additional
mice were included at the start of the experiment. A and B correspond to mice vaccinated and
challenged in parallel to those shown in Figure 1 (Table 1, experiment #1); C and D correspond
to parallel mice summarized in Table 1, experiment #3. “#” in the figure stands for
measurements below the level of detection. Statistical differences (p ≤ 0.02 by student’s t-test)
between organ titers obtained from the vaccination groups and the control unvaccinated group
at day 3 (*) and day 5 (&) are shown above the bars.
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Figure 5.
Antibody responses after vaccination. Groups of mice were bled prior to vaccination, 2 weeks
after the first vaccination, and 3 weeks after the boost (just prior to challenge). Equal volumes
of heat-inactivated sera from groups of mice were combined and studied as described in the
Materials and Methods. A. Anti-B5, L1, and A27 reactivity by ELISA. Shown is the reactivity
of sera (obtained 3 weeks after the boost) at a 1:550 dilution to B5 (black bars), L1 (striped
bars), and A27 (grey bars). B. MV neutralization activity. Shown are MV-neutralization assays
with sera, obtained 2 weeks after the prime (black bars) and 3 weeks after the boost (striped
bars). Sera were used at a dilution of 1:1000 (top) or 1:10,000 (bottom). C. Comet inhibition.
Shown are infected wells that were stained with crystal violet after about 40 hr incubation in
liquid media containing sera from the indicated vaccination group at a 1:50 final concentration.
To show an example of complete comet inhibition, included is an infected well that was
overlaid with 1% carboxymethylcellulose (CMC). This semi-solid overlay prevents EV
spreading distant from the primary site of infection.
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Table 1
Summary of survival and maximum weight loss after challenge

Experimenta

Vaccination strategyb #1 #2 #3

VV-vac Survival
Max weight loss

100%
12%

100%
10%

100%
10%

ABLA Survival
Max weight loss

100%
4%

100%
0%

100%
16%

ABL Survival
Max weight loss

100%
6%

100%
15

83%
22%

ABA Survival
Max weight loss

17%
c

50%
c

33%
c

a
Each column represents an separate experiment with the following number of mice/group and vaccinia virus challenge:

#1 6 mice/group. Virus challenge ~6 x 106 pfu

#2 10 mice/group. Virus challenge ~7 x 106 pfu

#3 6 mice/group. Virus challenge ~6 x 106 pfu

b
Vaccination strategies shown are live vaccinia virus vaccination by scarification (VV-vac), 4-proteins in CpG and alum (ABLA), 3-proteins consisting

of A33, B5, L1 in CpG and alum (ABL), and, 3-proteins consisting of A33, B5, A27 in CpG and alum (ABA).

c
Since these groups had ≤ 50% survival, average weight loss of the group is not reported since some mice were sacrificed when they had 30% weight loss

or died prior to reaching this degree of weight loss.
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