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Abstract

In this study, we evaluated the efficacy of vaccinia virus (VACV) containing mutations in the E3L
virulence gene to protect mice against a lethal poxvirus challenge after vaccination by scarification.
VACYV strains with mutations in the E3L gene had significantly decreased pathogenicity, even in
immune deficient mice, yet retained the ability to produce a potent Th1-dominated immune response
in mice after vaccination by scarification, while protecting against challenge with wild type,
pathogenic VACV. Initial experiments were done using the mouse-adapted, neurovirulent Western
Reserve (WR) strain of vaccinia virus. Testing of the full E3L deletion mutation in the Copenhagen
and NYCBH strains of VACV, which are more appropriate for use in humans, produced similar
results. These results suggest that highly attenuated strains of VACV containing mutations in E3L
have the potential for use as scarification administered vaccines.
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1. Introduction

Poxviruses are a large and diverse group of viruses that can infect a wide range of organisms,
including birds, insects, and many mammals, including humans. They are double-stranded
DNA viruses with linear genomes generally ranging from 130-300 kbp. Poxviruses replicate
in the cytoplasm of infected cells using both proteins that they encode and resources from the
infected cell. Variola virus is the causative agent of smallpox, a devastating human disease
[1].Vaccination against smallpox has thus far relied upon cross-protective antigens from other
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orthopoxviruses such as vaccinia virus (VACV), which itself causes relatively mild symptoms
in humans during natural infections [1]. The use of VACYV as a vaccine has resulted in
successful eradication of smallpox, but recent concerns about the potential use of variola virus
as a bioweapon has renewed interest in developing an improved vaccine. Indeed, the current
smallpox vaccine has resulted in a significant number of severe side effects, including
encephalitis, eczema vaccinatum, generalized and progressive vaccinia infections, as well as
many other less severe adverse reactions. There have also been recent reports of cardiac
complications following vaccination [2]. In future vaccination campaigns, these complications
are likely to be compounded by the growing numbers of individuals with compromised immune
functions due to HIV infection, organ transplants, and cancer treatments [3]. In addition to its
use as a smallpox vaccine, VACV is being developed as a vector for vaccination against
heterologous antigens.

The risks associated with currently available strains of VACV have prompted generation of a
variety of attenuated strains of VACV. These include modified Ankara strain (MVA) [4], a
mutant of the Lister strain of VACV deleted for the essential viral UDG gene [5], NYVAC
[6] and LC16m8 [7]. MVA and LC16M8 were generated by passaging through alternative
hosts, while NYVAC and the Lister mutant were engineered to contain attenuating deletions.
All of these attenuated strains, except LC16m8 have very limited capacity for replication in
human cells [6,8-10]. Although non-replicating vectors have the advantage of increased safety,
high doses of these vectors (107 to 108 pfu) are often required to induce a strong immune
response [9,11,12]. Most of these vaccinations also require multiple immunizations [13] often
defeating the purpose of using live virus vaccines which usually induce potent immune
response with a single dose.

The vaccinia virus E3L gene products are potent inhibitors of the innate immune response
[14-16]. The proteins encoded by the VACV E3L gene contain a C-terminal consensus
dsRNA-binding domain that can bind to and sequester viral dSRNA [17] produced in infected
cells, probably as a result of convergent transcription of the viral genome [18]. Free dsSRNA
can act as a pathogen associated molecular pattern (PAMP), leading to pro-inflammatory signal
transduction, expression of interferon and other pro-inflammatory genes, and activation of
antiviral proteins already induced by interferon [19,20]. The E3L encoded proteins also contain
an N-terminal consensus Z-nucleic acid binding domain [21]. This domain is necessary for
virulence in the mouse model.

In an effort to develop replication-competent but attenuated strains of VACV we have
constructed and tested a variety of VACV mutants with deletions in the E3L interferon
resistance gene. These mutant virus strains are highly attenuated in both immune deficient and
immune competent mice, after either intra-nasal or intra-cranial infection. Despite attenuation
these viruses can induce a protective immune response after intra-nasal vaccination [22]. In
the present study we demonstrate that these viruses can also induce protective takes after
administration by the more standard route of immunization by scarification. We also
demonstrate that vaccination by scarification induces potent cell mediated immunity to VACV
and primes for production of neutralizing and comet inhibition antibodies.

2. Materials and Methods

2.1. Recombinant virus construction

Viruses used in these studies were constructed in the Western Reserve strain of vaccinia virus
(a mouse-adapted neurovirulent strain developed by serial passage of vaccinia virus strain in
the brains of mice [23]), in the Copenhagen strain (VC2, kindly provided by Virogenetics) or
in the New York City Board of Health strain (ACAM2000, kindly provided by Acambis)
[24].VACVAE3L was constructed by in vivo recombination resulting in the replacement of
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the E3L gene with the E. coli lacZ gene [25]. Vaccinia virus mutants with N or C terminal
sections of the E3L gene deleted or a foreign gene inserted were generated by in vivo
recombination of E3L mutant genes into VACVAE3L. VACVE3LA7C, which is deleted of
the last 7 C terminal amino acids, was constructed as previously described [26].
VACVE3LA54N, which is deleted of the first 54 N terminal amino acids, was constructed as
previously described [27]. The wtVACYV used in this study is a revertant of VACVAE3L,
wtVACV03. Unless otherwise noted, the WR strain of VACV was used in all experiments.

2.2. Cell culture

BHK-21 (Baby Hamster Kidney) and RK-13 (Rabbit Kidney) cells were maintained in Eagle’s
Minimum Essential Medium (MEM-Gibco, BRL) supplemented with 10% Fetal Bovine Serum
(FBS-Hyclone), 50 pg/ml of gentamycin, and 0.1mM non-essential amino acid solution
(Gibco-BRL). Both BHK and RK-13 cells were incubated at 37°C in 5% CO».

2.3. Preparation of virus stocks

2.4. Mice

All virus stocks were prepared in BHK cells, as previously described [27]. Viruses were
partially purified by centrifugation through a 36% sucrose pad.

SCID (Severe Combined Immune Deficient) mice were obtained from either the Jackson
Laboratory (CBySmn.CB17-Prkdcscid/J) or Charles River Laboratories (Fox Chase SCID
mouse, CB17/lcr-PrKdcSC!P/CrL). BALB/c and C57BL/6 mice were obtained from either The
Jackson Laboratory or Charles River Laboratories. muMT B cell deficient mice were obtained
from the Jackson laboratory. All mice were housed in the Arizona State University Animal
Resource Center according to the university’s Institutional Animal Care and Use regulations.
Mice were 4-5 weeks of age when used in experiments unless otherwise indicated. Mice were
either of both sexes or were females only as indicated in individual experiments.

2.5. Scarification infection of mice

BALBY/c, C57BL/6 or SCID mice were anesthetized using a intraperitoneally (IP) injected
cocktail containing 7.5 mg/ml xylazine, 2.5 mg/ml acepromazine maleate and 37.5 mg/ml
ketamine at approximately 1.5 pl/gm of body weight. Hair on a 1-inch strip of the dorsal surface
of the base of the tail was then removed with Nair Hair Remover and the skin rinsed thoroughly
with sterile water. 15 scratches were then made horizontally across the tail skin with a sterile
26-gauge syringe needle. The skin was then infected by placing 10ul of virus suspended in
1mM Tris pH 8.8 on the skin using a gel loading tip and then using the side of the tip to rub
the virus into the scratches. Mock-infected animals received 1mM Tris pH 8.8 containing no
virus. Animals were monitored for weight loss, signs of illness and severity of skin pocks.
Animals that received vaccination boosts were scarified a second time one month after the
initial infection using the same procedure.

2.6. Infection of mice

BALB/c mice were manually restrained and injected IP in the lower right abdominal quadrant
with 100 pl of virus suspended in 1mM Tris pH 8.8. Mock-infected animals received 100ul
1mM Tris pH 8.8 containing no virus.

2.8. Recovery of virus from tissues

Tissues were harvested from chemically euthanized animals at 5 days post-infection, as
previously described [27]. Briefly, tissues were removed, placed in cryogenic vials, and quick-
frozen in liquid nitrogen. Each animal’s ovaries were combined upon removal. Harvested tail
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tissue consisted of the entire scarified skin area down to the level of the connective tissues.
Tissues were homogenized either by using a liquid nitrogen cooled mortar and pestle or by
using a mechanical tissue homogenizer. The samples were freeze-thawed 3 times. Samples
were then centrifuged at 4°C for 10 minutes at 1000xg to remove cell debris. Virus content in
the supernatants was assessed by titration in RK-13 cells and the amount of virus per gram of
tissue was calculated.

2.9. Challenge experiments

Either C57BL/6 or BALB/c mice were vaccinated by scarification and then challenged one
month later intranasally (IN) with 10% pfu of Western Reserve strain wild type vaccinia virus
(WtVACV). Mice were monitored for weight loss every other day and signs of illness every
day for 2 weeks after challenge. Data points shown on graphs are the average percent weight
loss for the mice remaining in each experimental group.

2.10. Harvest of blood samples

Blood samples for anti-vaccinia antibody titering were harvested by heart puncture in
anesthetized mice. Blood was then placed in 1.5 ml microfuge tubes that had been lightly coated
with petroleum jelly. The blood was then allowed to clot on ice for 1-2 hours and was
subsequently centrifuged at 1000xg for 10 minutes at 10°C. Serum was then removed and
stored at —20°C until antibody assays were performed.

2.11. Antibody assays

Neutralizing antibody assays were performed on serum from mice vaccinated by scarification
with 1 x 106 pfu E3L gene mutants of vaccinia virus. Blood was harvested 14 days after
vaccination. Serial dilutions of serum samples were made. Each dilution was mixed with a
known quantity of wtVACV(WR) vaccinia virus and incubated at 37 C for 1 hour. The mixture
was then used to infect RK-13 cell titer plates. The neutralizing antibody titer is the inverse of
the serum dilution at which a 50% plaque reduction occurred as calculated by linear regression.

For comet inhibition assays, serum from vaccinated animals was diluted as indicated and used
to treat monolayers of BSC-40 cells that had been infected with approximately 30 pfu of IHD-
J strain of VACV. Plaques were stained after 44 hours of infection.

2.12. Harvest and processing of splenocytes

Spleens were removed from chemically euthanized animals and splenocytes were dissociated
into media using a 70um cell strainer. Red blood cells were removed from the splenocytes by
lysis with an ammonium chloride lysing reagent from BD Pharmingen. Media used for
splenocyte processing was RPMI 1640 media (Cellgro #10-040-CV) supplemented with 10%
low 1gG fetal bovine serum (Hyclone #SH30151) and penicillin/streptomycin antibiotic.
Splenocytes were then resuspended in RPMI-1640 modified media (ATCC, Vitacell #30-2001)
supplemented with 10% low IgG fetal bovine serum (Hyclone #SH30151), 0.05mM 2-
mercaptoethanol and penicillin/streptomycin antibiotic. Splenocytes for all immunological
assays were used in this media for consistency. Splenocytes were adjusted to a concentration
of 8 x10° cells/100pl prior to use.

2.13. Secreted Cytokine Assays

Mice were infected by scarification with 1 x 106 pfu VACV E3L mutants or wtVACV or mock-
infected with 1 mM Tris pH 8.8. 8 days post-infection spleens were harvested from the mice,
processed to remove red blood cells and adjusted to the appropriate concentration as indicated
above. A20 cells (ATCC #T1B-208) were used as antigen presenting cells. These cells were

maintained and used in RPMI-1640 modified media (ATCC, Vitacell #30-2001) supplemented
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with 10% low IgG fetal bovine serum (Hyclone #SH30151), 0.05mM 2-mercaptoethanol and
penicillin/streptomycin antibiotic. These cells were infected with VACV WT (WR strain) at
an MOI of 1 for 14 hours. The cells were then washed 3 times in media to remove free virus
and used as antigen presenting cells. 100pl of splenocytes from each animal (8 x 10° cells)
were placed in wells of a 96 well plate. 3 x 10° vaccinia virus antigen presenting cells (infected
A20 cells) in 100pl of media were then placed in the wells with the splenocytes and incubated
at 37°C, 5% CO,, for 36 hours. The cells and media were then removed from the wells and
centrifuged to pellet the cells. The supernatants were used in the secreted cytokines assay.

The secreted cytokines assay was done using a Cytometric Bead Array from BD Pharmingen
(#551287). This assay detects mouse Th1/ Th2 cytokines and included analysis for IL-2, IL-4,
IL-5, IFN-y, and TNF-a. The assay was performed as outlined in the instruction manual

included with the kit. Samples were analyzed using a flow cytometer and BD CBA software.

2.14. Intracellular Cytokine Staining Assays

Mice were infected by scarification with 1 x 106 pfu VACV E3L mutants or wtVACV or mock-
infected with 1 mM Tris pH 8.8. 8 days post-infection spleens were harvested from the mice,
processed to remove red blood cells and adjusted to the appropriate concentration as indicated
above. A20 cells (ATCC #TIB-208) were used as antigen presenting cells. These cells were
maintained and used in RPMI-1640 modified media (ATCC, Vitacell #30-2001) supplemented
with 10% low IgG fetal bovine serum (Hyclone #SH30151), 0.05mM 2-mercaptoethanol and
penicillin/streptomycin antibiotic. The A20 cells were infected with wtVACV(WR) at an MOI
of 1 for 8 hours. The cells were then washed 3 times in media to remove free virus and used
as antigen presenting cells. 100pl of splenocytes from each animal (8 x 10° cells) were placed
in wells of a 96 well plate. 3 x 10° vaccinia virus antigen presenting cells (infected A20 cells)
in 100ul of media were then placed in the wells with the splenocytes and incubated at 37°C,
5% CO5, for 20 hours. 20ug/ml Brefeldin A (Sigma #B7651) was then added to the wells. Cells
were incubated for 4 hours. After this incubation, plates were centrifuged at 500 x g for 4
minutes and supernatants were removed by aspiration. The cells were resuspended in 50pl
staining buffer (1 X PBS, 1% low IgG serum, and 0.1% sodium azide). The cells were stained
for cell surface markers using anti-CD4 (BD Pharmingen #553047, FITC-conjugated) and anti-
CD8 (BD Pharmingen #553034, CyChrome-conjugated) antibodies added for 20 minutes at
4°C. The cells were then washed three times with staining buffer and resuspended in 200ul
fixing solution (4% paraformaldehyde in 1 X PBS, adjusted to pH 7.2). Fixing was performed
for 15 minutes at room temperature followed by two washes with staining buffer. The cells
were resuspended in 200p staining buffer and stored overnight at 4°C. The next day the plates
were centrifuged, the staining buffer was removed, and the cells were resuspended in 50pul
permeabilization buffer (1XPBS, 1% low IgG serum, 0.1% sodium azide, and 0.1% saponin
(Sigma#S-4521). PE conjugated anti-IFN-y antibody (eBiosciences #12-7311) was then added
as the intracellular cytokine stain. The antibody was added to each well at a concentration of
0.335 pg/50ul permeabilization buffer. The plate was incubated for 30 minutes at 4°C and then
washed three times in permeabilization buffer. Cells were resuspended in 400ul of staining
buffer and analyzed by flow cytometry.

2.15. Statistical analysis

All statistical analyses were performed using Sigmastat 3.5© (Systat Software, Inc). Details
of each analysis are indicated in individual figure legends and in the body of the text.
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Scarification with vaccinia virus is the commonly used method of smallpox vaccination.
However, administration of vaccinia virus to immune compromised individuals by
scarification can lead to severe complications. To evaluate attenuation of viruses containing
mutations in E3L, we assayed for virulence after delivery by scarification in SCID mice. Most
of the studies performed in this manuscript were done using the mouse adapted WR strain of
VACV. Infection of mice with this mouse-adapted virus may be more relevant to human disease
than infection of mice with ahuman VACYV strain (i.e., Copenhagen or NYCBH). Nonetheless,
all of the work with the WR strain was confirmed by infection of mice with the Copenhagen
and NYCBH strains of VACV. The virus strains tested (Figure 1A) included a mutant virus
with a full deletion of the E3L gene (VACVAE3L) and a mutant with the Ambystoma
tigrinum virus elF2a homologue gene inserted in place of E3L (VACVAE3L::vIF2aH; for
simplicity sake we will call this virus VACV-vIF2aH) (Talasela et al., in preparation). This
ATV gene is a homologue of the cellular elF20, gene [28] and of the vaccinia virus interferon
resistance gene K3L [29]. Both mutants were sensitive to the effects of interferon in cell culture,
but while VACVAE3L has a narrow host range [27], VACV-vIF2aH has a wider host range,
at least in cell cultures (Talasa et al., in preparation). Also tested were VACV E3L mutants
with deletions of the N terminus. This region contains a consensus Z-nucleic acid (Z-NA)
binding domain [21]. Although deletions of N terminal residues of the E3L have little effect
on the cell culture phenotype of VACV, they do affect pathogenicity in mice [27, 30]. Both
VACVE3LA83N and VACVE3LA54N contain deletion of key residues required for binding
Z-form nucleic acid, but VACVE3LA54N also produces an unstable protein that turns over
rapidly within the cell (data not shown). The C terminus of the E3L protein contains a dSRNA
binding domain that is associated with interferon resistance, host range, and pathogenesis
[31, 32]. A VACV E3L mutant with the 7 C terminal amino acids removed was also tested as
part of these studies. This E3L protein binds dsRNA with lower affinity than the wtE3L protein
[26].

Figure 1B and C shows the results of infecting SCID mice by scarification with either wtVACV
or the E3L mutants described above. Figure 1B shows the percent weight change data after tail
scarification infection of SCID mice over a 5-month period and Figure 1C shows the percent
survival of the scarified mice. wtVACYV infected SCID mice lost weight and died rapidly, with
an average time to death of 12.0 days. VACVE3LA7C infected mice also lost weight, although
somewhat more slowly than wtVACYV infected mice, and died, with an average time to death
of 26.6 days. A Two-Way Repeated Measure ANOVA was performed on the weight data
through day 10 when all mice were still alive. Pairwise comparisons of groups at each time
point (Student-Newman-Keuls method) showed that at day 4 post scarification, the group
infected with wtVACV was different from all the others (P <0.05). By day 10, both wtVACV
and VACVE3LATC groups were different from all other groups (P <0.05). Although in short-
term experiments (data not shown) VACVE3LA54N did not cause any weight loss or mortality
in SCID mice, the data in Figure 1B and C shows that VACVE3LAS54N caused illness and
death over longer time periods with an average time to death of 88.2 days. A second Two-Way
Repeated Measure ANOVA was performed, excluding the wt-VACV and VACVE3LA7C
groups through day 78. Pairwise comparisons of groups at each time point showed that by day
46, VVE3LA54N was different from the mock, VVAE3L and VACV-vIF2aH groups (P
<0.05). Mice infected with VACVE3LA7C and VACVE3LA54N developed widespread pocks
and scabbing on their paws and tails prior to their deaths. At day 28 for VACVE3LA7C infected
mice and day 95 for VACVE3LA54N infected mice, the remaining 3 mice in each cage were
euthanized for humane reasons. VACVAE3L and VACV-vIF2aH caused no significant weight
loss (Figure 1B, as determined by a Two-Way Repeated measure ANOVA performed on only
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the mock, VACVAE3L, and VACV-vIF2oH infected groups (P=0.69)), or mortality out to 5
months after infection (Figure 1C). However, several mice in these two cages had mild
recurrent pocks in the area of scarification with pocks in the VACV-vIF2aH infected mice
clearing completely at about 4 months after infection and 2 out of the 5 VACVAES3L infected
mice still having single pocks on their tails at 5 months after infection. These results
demonstrate that E3L deletion mutants caused varying degrees of pathogenicity in an immune
deficient animal model with several mutants causing almost no disease beyond a local reaction
to the virus.

3.2. Virus titers in ovary tissue after intraperitoneal infection with E3L mutant VACVs

As an additional measure of pathogenesis, the ability of the VACV E3L mutants to replicate
in the ovaries of intraperitoneally infected mice was examined. Figure 2 shows the virus
concentrations recovered from the ovaries of BALB/c mice. Each mouse was infected with
10%pfu of the indicated virus. At 5 days PI, both ovaries were harvested from each mouse,
homogenized together, and virus was titered in RK-13 cells. wtVACV infection resulted in the
recovery of approximately 10° pfu/gram of tissue, or 4 logs higher titers than any of the VACV
E3L mutants. VACVE3LA7C and VACVE3LA54N both yielded average concentrations of
between 10 and 10° pfu/gram of ovary tissue. Interestingly, no virus was detected in 1 out of
4 VACVE3LATC infected mice and 2 out of 4 VACVE3LA54N infected mice. Only one
VACV-VIF2AH infected mouse had a measurable level of virus in its ovaries (103 pfu/gram
of tissue) and no virus was recovered from any of the VACVAE3L infected mice. Pairwise
comparisons of a One-Way ANOVA of ranks (Student-Newman-Keuls Method) a One-Way
ANOVA of ranks (Student-Newman-Keuls Method) showed that all the groups were different
from the wtVACV group (P<0.05).

3.3. Pock severity and viral titers from tail tissue scarified using E3L mutant VACVs

Infection with wtVACV infection caused severe pocks on the scarified tails of BALB/c mice,
with significant swelling and tissue destruction as the pocks developed and healed (summarized
in Table 1). Pocks induced by scarification with VACVE3LA7C were also destructive to tissue
although the damage was not as severe as that caused by wtVACV (Table 1). Pocks induced
by VACVE3LA54N were much milder than the pocks induced by either wtVACYV or
VACVE3LA7C and while there was significant scabbing, the pocks did not generally result in
any tail swelling or tissue destruction and healed rapidly. VACVAE3L and VACV-vIF2oH
both caused pocks that were barely visible and mostly consisted of a rough, flaky appearance
of the infected skin. These pocks did not cause any tissue destruction and healed quickly.
Additionally, as seen in Table 1, vaccination takes (ie. the formation of a pock) were extremely
reliable with all of the vaccinia virus E3L mutants inducing visible lesions at a dose of 106 pfu
and most at a dose as low as 10° pfu, similar to WtVACV.

Tissue replication in the skin of vaccinated animals was also monitored. Skin from the scarified
tails of BALB/c mice was removed 5 days post-infection, homogenized and titered on RK-13
cells. The results are shown in Figure 4. Virus concentrations from the skin of mice scarified
with wtVACV and VACVE3LA7C were in excess of 109 pfu/gram of tissue. VACVE3LA54N
tissue concentrations were approximately one log lower at 108 pfu/gram of tissue.
VACVAE3L and VACV-vIF2aH yielded very similar tissue virus concentrations, averaging
between 108 and 107 pfu/gram of tissue, which is approximately 3 logs less than that seen in
wtVACV infections. Pairwise comparisons between groups showed that all the groups except
the VACVE3LAT7C group were different from the wtVVACV group. In addition, the both the
VACVAES3L and the VACV-vIF2aH were different from the VACVE3LA4N group (P<0.05).
Thus, there is a good correlation between growth of virus on the skin and severity of skin
lesions.
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3.4. Scarification vaccination in BALB/c mice

To determine if these highly attenuated viruses could induce a protective immune response
against wtVACV, animals were vaccinated by scarification with 10°, 108, and 107 pfu of mutant
VACVs or wtVACYV as a positive control. With the exception of one mouse vaccinated with
10° pfu of VACVAESL, all mice in the experiment developed pocks after vaccination. Animals
were challenged 30 days post-vaccination with 106 pfu of wtVACV. Figure 4A shows weight
loss of animals vaccinated with VACVAE3L or wtVACYV and then challenged with wtVACV.
Except for the VACVAESL 10° cage, which contained one mouse that didn’t develop a pock
during vaccination, all other cages of mice were substantially protected from weight loss after
challenge (Figure 6A and data not shown). A Two-Way Repeated Measure ANOVA was
performed over the entire length of the study, with pairwise comparisons to compare each
group with every other group. Only the mock vaccinated/\VACV challenged group, and the
group vaccinated with 10° pfu of VVAE3L were different from the mock vaccinated/mock
challenged animals. Cages of mice vaccinated with 106 pfu of VACVAES3L showed minor
weight differences from mock vaccinated/mock challenged mice on days 2, 10, and 14 after
challenge. In the cage of mice vaccinated with 10° pfu of VACVAE3L one mouse lost
significant weight, while the other four mice were fully protected from disease. For all of the
other mutant viruses, all of the animals developed pocks at the three doses tested and all of the
animals were protected from weight loss (data not shown). Thus, development of a pock, no
matter how mild, correlated with protection from disease upon challenge with wtVACV. In
contrast, all of the mock vaccinated animals lost 12—-23% of their initial body weights by day
6 and one animal died. To determine if protection was durable, these experiments were repeated
with a 3-month interval between vaccination and challenge, with the results again
demonstrating effective vaccination as measured by a failure of challenge with wtVACV to
induce weight loss (data not shown).

The WR strain of vaccinia virus is a mouse-adapted, neurovirulent strain and is not appropriate
for use in humans. To determine if E3L mutations in strains appropriate for use in humans had
the potential for a safe attenuated vaccine, we constructed similar E3L mutations in a
Copenhagen and NYCBH background [1]. Both wtVACV(COP) and wtVACV(NYCBH) are
highly attenuated in mouse models, compared to wtVACV(WR). wtVACV(COP) is attenuated
by at least 3 logs compared to wtVACV(WR) and wtVACV(NYCBH) is attenuated a further
4 logs [22]. Deletion of E3L further attenuated VACV(COP) by over 6 logs, and further
attenuated VACV(NYCBH) by approximately 3 logs [22].

To test the vaccinating efficacy of E3L mutants in these background strains more appropriate
for human use, mice were vaccinated by scarification with 104 or 108 pfu of wtVACV(COP),
wWtVACV(NYCBH), or with VACVAE3L in each background. One month after vaccination
the mice were challenged intranasally with 108 pfu of wtVACV(WR). Figure 4B shows percent
weight loss data from mice vaccinated with VACVAE3L(COP) and wtVACV(COP) and
challenged one month later, and Figure 4C shows similar experiments for animals vaccinated
with NYCBH viruses. Vaccination with any of the four viruses, at 10% or at 106 pfu, fully
protected against disease. Thus, in a virus background appropriate for use in humans,
VACVAE3L protects mice from weight loss after challenge with wtVACV.

3.5. Immune responses to vaccination with E3L mutant VACVs

A secreted cytokines assay was used to quantify the levels and types of cytokines being
produced by splenocytes from mice vaccinated with VACV E3L mutants or wtVACV. VACV-
infected antigen-presenting cells were used to restimulate splenocytes harvested from mice 8
days after vaccination. This assay measured the cytokines released into cell culture media after
36 hours of exposure to antigen-presenting cells (Figures 5, A—E). Splenocytes from mice
vaccinated with VACV E3L mutants and wtVACYV produced primarily Thl type immune
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responses dominated by the production of IFN-y, TNF-a, and IL-2. The production of Th2 type
cytokines, IL-4 and IL-5, was very low.

Splenocytes from mice vaccinated with the VACV E3L mutants produced higher IFN-y than
splenocytes from mice vaccinated with wtVACYV or mock vaccinated animals (P<0.05).
VACVAE3L produced the highest average level, approximately 14,000 pg/million
splenocytes, compared to an average of just over 6000 pg/million cells for wtVACV (Figure
5A). Splenocytes from animals vaccinated with VACVAE3L produced higher average levels
of IL-2 (150 pg/million splenocytes) than splenocytes from wtVACV (60 pg/million cells) and
the other VACV E3L mutants (P<0.05, Figure 5B). IL-2 levels for VACV-vIF2aH vaccinated
mice were elevated but were not statistically different from the levels seen in wtVACV
vaccinated mice. TNF-a levels were similar for all of the VACV E3L mutants, averaging 500
pg/million cells, while splenocytes from mice vaccinated with wtVACV produced 250 pg/
million cells on average (Figure 5C). IL-4 and IL-5 levels were very low overall. IL-4 levels
produced by the splenocytes of mice vaccinated with VACVAE3L, VACVE3LA54N and
VACV-vIF2uoH were lower than levels seen after wtVACV vaccination (Figure 5D) (P<0.05).
IL-5 levels from the vaccinated mice (Figure 5E) showed no particular pattern.

We also performed a secreted cytokines assay to examine the production of cytokines by
splenocytes from BALB/c mice vaccinated with wtVACV(NYCBH) and VACVAE3L
(NYCBH) (Figure 6, A-C). 8 days after vaccination splenocytes were harvested and
restimulated with VACV-infected antigen presenting cells. Consistent with previous
experiments using the wtVACV(WR) strain, vaccination with VACVAE3L(NYCBH)
produced higher levels of IFN-y than the wt strain. Comparable levels of IL-2 and TNF-o were
secreted from splenocytes of animals vaccinated with either virus.

To determine the percent of CD4+ and CD8+ splenocytes secreting IFNy in response to
vaccination, intracellular cytokine staining was performed. Mice were vaccinated by
scarification with VACV E3L mutants or wtVACV and splenocytes were harvested 8 days
later. Vaccinia virus infected antigen-presenting cells were used to restimulate splenocytes.
After 20 hours of restimulation brefeldin A was then added for an additional 4 hours to block
cytokine secretion. Cells were then surface stained for CD4 and CD8, permeabilized, and
stained intracellularly for IFNy. There were no marked differences between levels of IFNy
positive CD4+ splenocytes from mice vaccinated with VACV E3L mutants or wtVACV
(P>0.05, data not shown). For IFNy positive CD8+ splenocytes, only splenocytes from animals
vaccinated with VVVE3LA54N were markedly lower than splenocytes from wtVACV
vaccinated animals (P<0.05, data not shown). CD4+ cells averaged about 5 percent IFNy
positive and CD8+ cells averaged around 10 percent IFNy positive, after subtracting
background from mock vaccinated mice.

Since high anti-vaccinia antibody titers have in the past been considered a sign of successful
vaccination [1], we compared the neutralizing antibody titers elicited by each of the VACV
E3L mutants to antibody titers after vaccination with wtVACV. Blood was drawn 14 days after
the mice were scarified and the serum was assayed for the presence of neutralizing antibodies
(Figure 7A). Surprisingly, blood from mice vaccinated with VACV E3L mutants showed low
concentrations of neutralizing antibodies against wtVACV. While vaccination with wtVACV
produced an average neutralizing antibody titer in excess of 500, VACVE3LA7C vaccinated
mice produced less than half that amount. Mice vaccinated with VACVAE3L,VACV-
vIF20H, and VACVE3LA54N all had neutralizing antibody titers below 200, significantly less
than that generated by vaccination with wtVACV (P<0.05). As many vaccines require boosting
with additional doses to be effective, we tested the effect of a single boost 1 month after the
initial vaccination on subsequent antibody production when using VACVAE3L as the
vaccinating agent. Mice vaccinated with VACVAE3L and then boosted with VACVAE3L
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developed very high antibody titers, in excess of 1000, a level which is twice as high as that
induced by a single dose of WtVACV (Fig. 7A).

Antiserum that can inhibit extra-cellular virus (EV) release from cells has been suggested to
be important for protection against pathogenic poxviruses [33]. We therefore also assayed for
the ability of serum from vaccinated mice to inhibit comet formation, as a measure of inhibition
of release of EV [33]. As shown in Figure 7B, serum from one mouse vaccinated with a single
dose of wtVACYV substantially inhibited comet formation at a dilution of 1/250, while serum
from the other mouse only inhibited comet formation at a dilution of 1/50. Serum from one
mouse vaccinated with a single does of VAVCAE3L failed to inhibit comet formation, while
serum from the second mouse inhibited at a dilution of 1/50. Boosting increased comet
formation inhibitory activity in both wtVACV and VACVAE3L vaccinated mice. Thus, as
with plaque neutralizing activity, a boost was necessary to induce substantial comet formation
inhibitory activity in mice vaccinated with VACVAE3L.

We also evaluated neutralizing antibody production in mice vaccinated with VACVAE3L
(NYCBH) (Fig. 7C). For comparison, mice were also vaccinated with wtVACV(WR). As in
previous experiments mice vaccinated with virus strains deleted of the E3L gene failed to
produce significant levels of antibodies upon primary vaccination. However, we again found
that by performing a single boost of the vaccinated mice 1 month after vaccination with a
second dose, antibody titers increased significantly. Interestingly, while vaccination with
WtVACV(WR) produced high levels of antibodies, wtVACV(NYCBH) infection did not.

Previously published data suggests that neutralizing antibodies play a central role in protecting
against poxvirus infection [34,35], while our data suggests that mice could be protected from
challenge with wtVACYV in the absence of neutralizing antibodies or comet formation
inhibiting antibodies. To ask if antibodies were necessary for protection in this model system,
B cell —/— mice were vaccinated and challenged. As shown in Figure 8, vaccination of B cell
deficient mice with VACVDES3L fully protected against challenge with wtVACV. These
results demonstrate that in this model and antibody response is not necessary for protection
against challenge.

4. Discussion

The E3L gene of vaccinia virus contributes to its pathogenesis [27,30]. Both the N and C
terminal domains of the E3L protein have been found to be necessary for full virulence in
mouse models [27]. In this report we demonstrate that when administered by scarification,
viruses containing mutations in E3L can induce potent Th1l dominated immune responses that
are protective against intra-nasal challenge with wtVACV. These viruses are highly attenuated
when administered by scarification even in SCID mice, with VACVAE3L and VACV-
vIF2aH, causing little detectable pathology or disease even after 6 months of infection. Thus,
these viruses have the potential for use as replication-competent, attenuated vaccines for
protection against smallpox and as replication-competent, attenuated vaccine vectors for
protection against heterologous diseases.

We have evaluated four viruses for pathogenicity and efficacy: VACVE3LATC,
VACVE3LA54N, VACVAE3L and VACV-VIF20H. VACVE3LA7C, VACVE3LA54N are
replication competent, partially attenuated viruses. Both replicate to near wt titers in the nasal
mucosa [22] and in the dermis, but are attenuated by 4-5 logs after IN infection of wt mice
[22]. Both have reduced virulence in SCID mice, when infected either IN [22]or by
scarification, and both replicate to intermediate titers in ovaries after IP infection. For
VACVE3LAT7C thisis likely due to the decrease in affinity that E3LA7C protein has for dSsSRNA
[17,31]. The properties of VACVE3LA54N are likely due to a combination of properties of
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E3LA54N: lack of a functional Z-DNA-binding domain [27,30], and rapid turn-over of
E3LA54N protein (Fig. 2). Induction of pathogenesis after a long latent period by
VACVE3LA54N suggests that this virus is replicating at low level for a long period of time in
the SCID mice. Such prolonged replication could lead to selection of a more pathogenic variant.
Since E3L proteins with larger deletions in the N-terminus than A54N are stable, a mutation
that yields a stable protein could lead to a more pathogenic virus that could have caused disease
after a long latent period. Both VACVAE3L and VACV-vIF2aH, are much more highly
attenuated than VACVE3LA7C and VACVE3LA54N. Neither virus caused detectable weight
loss in SCID mice after IN [22] or scarification infection, even up to six months after infection.
VACVAE3L was not detectable in ovaries after IP infection. For VACV-vIF20H, virus was
detected in the ovaries of only one of three mice, although at 6 logs lower titer than wtVACV.
Both viruses did replicate either after IN infection [22] or scarification infection, although titers
were 3-4 logs lower than in wtVACYV infected mice. The detection of VACVAE3L replication
in the nasal mucosa and skin but not in ovaries is surprising, since ovaries are thought to be
the most sensitive organ to detect VACYV replication. It is possible that the unique sensitivity
of VACVAE3L and VACV-vIF2aH to IFN is compromising replication in the ovaries to a
greater extent than in the nasal mucosa and in the skin. While the ATV elF20 homologue
partially complements deletion of E3L in cells in culture (Talasela et al., manuscript in
preparation), there was very little decrease in attenuation detected in virus containing the
elF2a homologue in place of E3L. Again, it is possible that the IFN-sensitivity of VACV-
VIF2aH (Talasela et al., manuscript in preparation), may be limiting virus replication and
pathogenicity in the whole animal.

Somewhat surprisingly, all of the attenuated viruses tested in this study produced detectable
skin reactions (takes) that no matter how mild, were protective against challenge with
wtVACV. All of the viruses produced takes in all of the animals tested, when administered by
scarification at 108 pfu. At 10° pfu all of the viruses except VACVAE3L produced takes in all
of the animals tested: VACVAE3L produced takes in 7 of 10 animals vaccinated at this dose.
The severity of the take directly correlated with pathogenicity of the virus tested and the extent
of virus replication in the dermis, with the order being:
WtVACV>VACVE3LA7C>VACVE3LA54N>VACV-vIF2aH=VACVAE3L. For
VACVAES3L, which gave takes on about 70% of the animals at 10° pfu, those animals that had
a take were fully protected, while the animals that didn’t have a take were largely unprotected.
Thus, the very mild skin lesions produced by the highly attenuated viruses, VACVAE3L and
VACV- vIF2aH, were fully protective against a challenge with wtVACV, even when the
animals were challenged three months after vaccination (data not shown).

In order to correlate protection with immune response, we characterized induction of
neutralizing antibodies, comet formation inhibiting antibodies and induction of cell mediated
immunity. At 2 weeks post vaccination, high titers of neutralizing antibodies were detected in
serum from animals immunized with wtVACV and VACVE3LATC. The less pathogenic
viruses, VACVAE3L, VACV-vIF2aH and VACVE3LA54N, as well as wtVACV (NYCBH),
produced lower levels of neutralizing antibodies than VACVE3LA7C(WR) and wtVACV
(WR). The ability to induce neutralizing antibodies correlated best with the replication capacity
of these viruses, as measured either on the skin after scarification, or in ovaries after IP
infection. Thus, it may be that the dose of viral antigen is the key determinant of induction of
neutralizing antibodies. However, infection with the more highly attenuated viruses apparently
primed for induction of both neutralizing and comet formation inhibiting antibodies, because
high titers of these antibodies were detected after a single boost with VACVAE3L. Despite
inducing a poor primary antibody response these viruses all protected against challenge with
wtVACV. Thus, either the low levels of neutralizing antibodies were sufficient for protection,
or the small number of antibody producing cells generated during primary vaccination were
sufficient to expand and protect the animals upon challenge, or other components of the
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immune system, likely cell mediated immunity, were compensating for this low antibody
response. Interestingly, B cell deficient mice vaccinated with E3L deletion mutant viruses are
also protected against challenge with pathogenic vaccinia virus despite an inability to produce
antibodies. These results are in contrast to other previously reported results [34,35],
demonstrating a critical role for antibodies in protection against challenge of mice with vaccinia
virus.

To begin to evaluate induction of cell mediated immunity, we measured cytokines released
from ex vivo restimulated splenocytes from vaccinated animals. These assays provided the first
information that would begin to explain why VACVAE3L and VACV-vIF20H are protective
in vaccination experiments despite the absence of substantial levels of neutralizing antibodies.
Restimulated splenocytes from mice vaccinated with viruses deleted of all or part of the E3L
gene produced roughly twice as much IFN-y and TNF-a as splenocytes from wtVACV
vaccinated mice. Splenocytes from VACVAE3L vaccinated mice also secreted more 1L-2.
Splenocytes from all of the vaccinated animals secreted very low levels of IL-4 and IL-5. Thus,
these highly attenuated viruses induce potent Th1 dominated immune responses.

Intracellular cytokine staining was also used to identify which cell types were activated during
vaccination. Animals vaccinated with either wtVACV or any of the attenuated viruses
described in this manuscript had similar percentages of CD4+/IFNy+ T cells (about 5% of CD4
+ T cells), and similar percentages of CD8+/IFNy+ T cells (about 10% of the CD8+ T cells).
The fact that these experiments showed similar percentages of IFN-y positive CD4+ and CD8
+ cells from the spleens of both VACVAE3L vaccinated mice and wtVACV vaccinated mice
indicates that it is possible that T cells are not the only cells from the spleens of vaccinated
mice that are producing IFN-y, or that T cells from VACVAE3L vaccinated mice are secreting
more IFNy on a per cell basis than splenocytes from wtVACV vaccinated animals.

VACVAE3L induces a potent Th1 dominated cell mediated immune response despite
replicating poorly on the skin of mice. We believe this is due to induction of pro-inflammatory
signal transduction and pro-inflammatory gene expression in cells infected with VACVAE3L
[36]. The E3L gene products can bind to double helical nucleic acids and sequester viral
induced PAMPs. Thus, infection with wtVACYV does not lead to activation of the p38 MAP
kinase pathway, and does not lead to activation of the IKK complex [36]. Consistent with this,
we detected no activation of the pro-inflammatory transcription factors ATF-2, NF-kB or IRF-3
and very little increased pro-inflammatory gene expression in cells infected with wtVACV
[36]. Virus deleted for E3L leads to signaling through the p38 MAP kinase pathway leading
to phosphorylation of ATF-2, leads to phosphorylation of IKKa/pBand IKKe, and leads to
nuclear accumulation and activation of both NF-xB and IRF-3 [36]. Microarray experiments
have shown that infection with VACVAE3L induces upregulation of a large number of
proinflammatory gene products [36]. We believe that this massive increase in virus-induced
signaling leading to activation of proinflammatory transcription factors and proinflammatory
gene expression is responsible for the efficacy of VACVAES3L as a vaccine despite its
attenuation and limited replication capacity in infected mice.

Most of the work described in this manuscript was done with the WR strain of VACV. VACV
(WR) is a highly neurovirulent, mouse adapted strain of VACV, and while it is relevant for
studies in the mouse model, it is not appropriate for use in humans [23]. To test attenuation
and efficacy of attenuating mutations in E3L in strains of vaccinia virus more appropriate for
use in humans, experiments were performed to test vaccination efficacy and immunological
characteristics in two additional strains. The strains chosen were the Copenhagen and New
York City Board of Health strains, both of which have been previously used in human
vaccination campaigns [1]. These strains were found to more attenuated than the VACV(WR)
in the mouse models tested [22]. Introducing the E3L deletion mutation into these viruses led
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to further attenuation in mice. VACVAE3L in both a Copenhagen and a NYCBH background
were fully able to induce very mild protective pocks in vaccinated mice. As was seen with
VACVAE3L(WR), VACVAE3L(NYCBH) did not induce the synthesis of neutralizing
antibodies, but did prime for synthesis of neutralizing antibodies. Splenocytes from
VACVAE3L(NYCBH) vaccinated mice also secreted somewhat more IFNy, similar to
splenocytes from VACVAE3L(WR) vaccinated mice.
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Fig. 1. Infection of SCID mice by scarification
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(A) Z-DNA binding domains (Z-DBD) and double stranded RNA binding domains (dsRBD)
of E3L proteinare shown. Viruses deleted of the entire E3L gene had insertions of either the
ATVelF2a homologue gene (2aH) or the marker gene lacZ. Interferon resistance (IFNR) and
host range (HR) of the viruses in cell culture systems are shown. R = interferon resistant, S =
interferon sensitive, B = broad host range, and N = narrow host range. *While
VAVCE3LA54N forms plaques in HeLa cells, it does so at a lower efficiency than wtVACV.
(B and C) Infection of SCID mice. Groups of 5 female SCID mice were infected by tail
scarification with 108pfu of either wtVACV or the indicated VACV E3L mutants and
monitored for weight loss (B) and mortality (C) for 5 months after infection. Lines ending
prematurely in panel B indicate mortality. Error bars indicate the standard error of the mean.
Two-Way Repeated Measure ANOVA tests were performed on the weight loss data to
determine differences between the groups. Survival analysis was performed using the log rank
test. Outcomes were defined as either “censor” (mice which were still alive after 160 days) or
“failure” (mice which either died or were euthanized, from causes related from the
scarification).
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Fig. 2. Virus titers recovered from the ovaries of mice infected by intraperitoneal injection

Four female BALB/c mice per group were infected IP with 10° pfu of wtVACV or VACV E3L
mutants. Ovaries were removed 5 days post-infection. Both ovaries were harvested and
combined for titering from each mouse. A one-way ANOVA on ranks followed by pairwise
comparisons, using the Student-Newman-Keuls Method was used to analyze the data.
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Fig. 3. Virus concentrations in tail tissue after scarification

Five female BALB/c mice per group were infected by scarification with 10% pfu wtVACV and
VACV E3L mutants. Tail tissue was harvested 5 days after scarification for determination of
virus concentration. A one-way ANOVA on ranks followed by pairwise comparisons, using
the Student-Newman-Keuls Method was used to analyze the data.
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Fig. 4. Weight change after challenge of BALB/c mice vaccinated by scarification

Groups of 5 Balb/C female mice were scarified with varying doses of either VACVAE3L or
WtVACYV in either a WR strain (panel A), Copenhagen strain (panel B), or NYCBH strain
(panel C). One month after vaccination the mice were challenged IN with 106 pfu of wtVACV
(WR). After challenge, mice were monitored for weight loss every other day and monitored
every day for signs of illness. Mock/Mock mice were mock vaccinated and mock challenged.
Mock/WT mice were mock vaccinated and challenged with 108 pfu of wtVACV. Lines ending
prematurely indicate mortality. A Two-Way Repeated Measure ANOVA was performed over
the entire length of the study to determine which groups were different from one another, and
pairwise comparisons were performed (Student-Newman-Keuls Method) to compare each
group inidividually with every other group. For WR strain vaccinated mice comparisons were
repeated through day 6, to allow for pairwise comparisons of groups prior to any animal deaths.
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Fig. 5. Cytokines secreted from splenocytes from VACV(WR) vaccinated mice

Groups of 4 female BALB/c mice were either mock infected or were infected by scarification
with 1x108 pfu VACV E3L mutants or with wtVACV as indicated. Splenocytes were harvested
8 days post-infection and exposed to wtVACYV infected A20 antigen presenting cells for 36
hours. The cytokines (A) IFN-y, (B) IL-2, (C) TNF-q, (D) IL-4, and (E) IL-5 were measured
in the cell culture supernatants. Symbols represent individual mice used in each experiment.
Bars indicate the average value for each group of mice. A one-way ANOVA on ranks followed
by pairwise comparisons (Student-Newman-Keuls Method) was performed on all of the data.
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Fig. 6. Cytokines secreted from splenocytes from VACV(NYCBH) vaccinated mice

Groups of 4 female BALB/c mice were mock infected or were vaccinated by scarification with
1x108 pfu VACVAE3L(NYCBH) or wtVACV(NYCBH) as indicated. Splenocytes were
harvested 8 days post-infection and exposed to wtVACYV infected A20 antigen presenting cells
for 36 hours. The cytokines (A) IFN-y, (B) IL-2, and (C) TNF-o were measured in the cell
culture supernatants. Symbols represent individual mice used in each experiment. Bars indicate
the average value for each group of mice. A one-way ANOVA on ranks followed by pairwise
comparisons (Student-Newman-Keuls Method) was performed on all of the data.
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Fig. 7. Antibody titers in mice vaccinated by scarification

Groups of female BALB/c mice were vaccinated by scarification with 1x10° pfu of VACV
E3L mutants or wtVACV in a WR strain background (panels A and B), or with VACVAE3L
or wtVACYV ina NYCBH background (panel C), as indicated and blood was harvested 14 days
later. Also shown is data from mice vaccinated with VACVAE3L then boosted with
VACVAE3L 1 month later. Neutralizing antibody titers in serum (panels A and C) were
determined by plaque reduction assays on RK-13 cells. The neutralizing antibody titer is the
inverse of the serum dilution at which a 50% plaque reduction occurred. Comet inhibition
assays were also performed (panel B), as described in Materials and Methods.
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B cell —/— mice were vaccinated and challenged as described in Fig. 4.
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