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KEYWORDS Summary The re-emerging threat of smallpox and the emerging threat of monkeypox high-
Smallpox; light the need for effective poxvirus countermeasures. Currently approved smallpox vaccines
Vaccine; have unacceptable safety profiles and, consequently, the general populace is no longer vacci-
ST-246 nated, leading to an increasingly susceptible population. ST-246, a small-molecule inhibitor of
poxvirus dissemination, has been demonstrated in various animal models to be safe and effec-
tive in preventing poxviral disease. This suggests that it may also be used to improve the safety
of the traditional smallpox vaccine provided that it does not inhibit vaccine-induced protective
immunity. In this study, we compared the immune responses elicited by the smallpox vaccine
alone or in combination with ST-246 in mice. Normal lesion formation following dermal scarifi-
cation with the attenuated New York City Board of Health strain (Dryvax), commonly referred to
as a vaccine ‘‘take’’, was not inhibited although severe lesions and systemic disease due to vac-
cination with the virulent Western Reserve (VV-WR) strain were prevented. The vaccine given
with ST-246 did not affect cellular immune responses or neutralizing antibody titers although
anti-vaccinia ELISA titers were slightly reduced. Vaccination in combination with ST-246 pro-
vided equivalent short- and long-term protection against lethal intranasal challenge with VV-WR
when compared to vaccine alone. These results suggest that ST-246 does not compromise pro-
tective immunity elicited by the vaccine and provide the basis for future studies examining the
efficacy of ST-246 in preventing or treating adverse events due to vaccination.
© 2008 Published by Elsevier Ltd.
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20th century alone. Smallpox is caused by variola virus, an
extremely infectious orthopoxvirus. Virtually all susceptible
individuals will contract disease if exposed and, histori-
cally, up to 30% of unvaccinated individuals will succumb
to disease. Smallpox is a renewed threat due to its poten-
tial use as a biowarfare agent. In addition to the threat
of smallpox, it is possible to genetically engineer lethal-
ity into laboratory strains of poxviruses via the introduction
of genes for toxins, altered tropism or immunomodulatory
factors [1,2]. There is also the threat of zoonotic spread
of orthopoxviruses found in nature, such as monkeypox [3].
Fortunately, all of these orthopoxviruses exhibit significant
homology at the nucleotide and amino acid levels [4]. A
vaccine effective against one appears to provide protection
against another. The vaccine used to eradicate smallpox is
a live vaccinia virus, a close relative of variola. In the U.S.,
the most widely used version of the vaccine is an attenuated
New York City Board of Health strain of vaccinia manufac-
tured by Wyeth and licensed under the trade name Dryvax®.
Although extremely effective, a number of severe adverse
events are associated with the vaccine [5]. Following the
eradication of smallpox, vaccination of the general public
has been discontinued due to safety concerns, resulting in an
ever-increasing number of naive individuals susceptible to
smallpox, monkeypox or engineered orthopoxvirus variants.

Vaccinia is widely studied, and is considered the
prototypic orthopoxvirus—the genus to which variola, mon-
keypox, ectromelia, cowpox and vaccinia virus (among
others) belong. The virus life cycle is extremely complex,
yet has been characterized in detail and serves as a model
for other orthopoxvirus infections [6]. Productive viral repli-
cation leads to the formation of a number of phenotypically
distinct, infectious virion forms. Mature virus (MV) is formed
first and is fully infectious, but is retained intracellularly
until cell lysis. A fraction of the MV particles acquire addi-
tional membranes within the cell and are released in a
non-lytic fashion and are referred to as EV (for enveloped
virus). The formation of EV is of particular importance in
the virulence of orthopoxviruses. EV is the form of virus
involved in the in vivo dissemination of the virus from the
site of original inoculation [7,8]. Mutant viruses defective
for EV production show greatly reduced virulence in vivo and
display a small-plaque phenotype in tissue culture [9—12].
While other viral and perhaps cellular proteins are involved,
the virus F13L gene product, also called p37, plays a central
role in the formation of EV [9]. As such, F13L represents a
viable target for drugs that would be capable of inhibiting
smallpox and also for preventing or treating adverse events
following vaccination.

ST-246 is a novel, orally bioavailable compound that is a
potent, non-toxic and specific inhibitor of EV formation and
thus reduces virus dissemination both in vitro and in vivo
[13,14]. Invitro, ST-246 treatment inhibits plaque formation
and reduces the formation of EV without affecting the pro-
duction of MV particles or EV-associated proteins. In tissue
culture, ST-246 was demonstrated to be effective against a
number of orthopoxvirus strains including variola, vaccinia,
cowpox, ectromelia, monkeypox and camelpox viruses [13].
The target of ST-246 was discovered to be p37, the product
of the F13L gene in vaccinia. This protein is highly con-
served amongst orthopoxviruses, particularly in the region
of the protein targeted by ST-246. In vivo, oral administra-

tion of ST-246 protected 100% of mice from challenge with
a 40,000 LDsg dose of ectromelia virus and reduced viral
titers in the lungs, livers and spleens of infected mice by at
least five orders of magnitude relative to control vehicle-
treated mice [13]. Maximal protection required treatment
for 14 consecutive days following challenge while treat-
ment for 5 days protected 80% of the mice. In a separate
experiment, mice were challenged with IHD-J, a strain of
vaccinia whose virulence is due in part to enhanced EV
release and dissemination [7], and then treated with ST-246
for 14 days. All ST-246-treated mice survived [13]. Further-
more, in the IHD-J challenge model, surviving mice were
resistant to rechallenge suggesting that protective immunity
was elicited even though viral dissemination was inhibited by
the drug [13]. The models in which ST-246 has been tested so
far are designed to mimic lethal exposure of naive individu-
als to smallpox virus and subsequent therapeutic treatment
with ST-246. These experiments may also be considered a
model for adverse events following prophylactic vaccination
with the smallpox vaccine and suggest that ST-246 may be
used in combination with smallpox vaccination to reduce
the occurrence of adverse events associated with the vac-
cine. Prior to testing in more stringent models for adverse
events, it must first be demonstrated that vaccine efficacy
is not compromised by ST-246 in immunocompetent mice. In
this study, we compared immune responses of immunocom-
petent mice to the smallpox vaccine given in combination
with ST-246 to standard smallpox vaccination.

Materials and methods

Viruses and cells

All tissue culture media and reagents were purchased from
Invitrogen (Carlsbad, CA) except where otherwise indi-
cated. Cell lines and viruses (with the exception of the
Wyeth Dryvax vaccine) were purchased from the American
Type Culture Collection (Manassas, VA). BSC40 (CRL-2761)
cell monolayers were maintained in a humidified atmo-
sphere at 37°C and 5% CO; in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal calf serum
(FCS), 2mM L-glutamine and 10 pg/ml gentamicin sulfate.
A-20 (TIB-208) cells are a B-cell lymphoma expressing
both class | and class Il major histocompatibility com-
plex proteins of the H-29 haplotype and are syngeneic
to BALB/c mice. A-20 cells were maintained at 37°C and
5% CO; in RPMI 1640 supplemented with 10% FCS, 2mM
L-glutamine, 100U/ml penicillin, 100 wg/ml streptomycin
sulfate (penicillin-streptomycin solution, Mediatech Inc,
Herndon, VA), 50 uM 2-mercaptoethanol, and 10 mM HEPES
(complete media). Stocks of vaccinia virus Western Reserve
(VV-WR, VR-1354) and IHD-J (cultured from a stock originally
obtained from S. Dales) were cultured in BSC40 cells and
purified by sucrose gradient centrifugation [15]. The New
York City Board of Health strain of vaccinia manufactured by
Wyeth Laboratories (Wyeth Ayerst Laboratories, Marietta,
PA) under the trade name Dryvax® (Dryvax) was obtained
from the Centers for Disease Control (Atlanta, GA). The
lyophilized stock was resuspended in phosphate-buffered
saline (PBS) at a concentration of 5x 107 plaque-forming
units/ml (pfu/ml). In some experiments, animals were
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vaccinated with the unpassaged virus stock. In other exper-
iments, the stock virus was cultured for a single passage in
BSC40 cells as described above for VV-WR and IHD-J. Viral
titers were determined by plaque-assay in monolayers of
BSC40 cells.

ST-246

The identification of ST-246 as an inhibitor of poxvirus dis-
semination as well as its chemical structure have been
previously reported [13]. ST-246 was synthesized by Phar-
macore (Highpoint, NC) and delivered as a lyophilized
powder. The drug was prepared for oral dosing of animals by
suspension in an aqueous solution containing 0.75% methyl-
cellulose (Sigma—Aldrich, St. Louis, MO) and 1% Tween-80
(Sigma—Aldrich) at a concentration of 10 or 20 mg/ml. Two
mg/mouse (approximately 100 mg/kg) of ST-246 was deliv-
ered in a volume of 100 or 200 wl by oral gavage using a
curved gavage needle. Animals were dosed daily at 24-h
intervals for 7 or 14 consecutive days beginning on the day
of vaccination with Dryvax or VV-WR.

Vaccination protocols

All animal protocols were designed and carried out according
to the Guide for the Care and Use of Laboratory Animals.
All protocols were approved by the Oregon State Univer-
sity Institutional Animal Care and Use Committee. Female
BALB/c mice were purchased from Charles River Laborato-
ries (Wilmington, MA). All mice were 7 weeks of age on the
first day of each experiment. In all experiments in which
mice were vaccinated with Dryvax, a ‘‘standard’’ dose of
5 x 10° pfu/mouse was used in order to closely approxi-
mate the dose given when vaccinating humans. On the
day of vaccination, Dryvax was diluted to 5 x 107 pfu/ml
in PBS and deposited at the base of the tail in a volume
of 10 ul followed by scarification with a 25-gauge needle
approximately 30 times in a cross-hatch pattern through the
droplet. In a separate experiment, VV-WR was used to vac-
cinate/challenge mice by dermal scarification. VV-WR was
diluted to 1 x 108 pfu/ml ml in PBS and deposited at the
base of the tail in a volume of 10ul (1 x 10¢ pfu/mouse)
followed by scarification, as described above. ST-246 treat-
ment was initiated immediately following vaccination and
continued for 7 or 14 days as described above. Naive mice
and some groups of vaccinated mice were treated with
vehicle (aqueous 0.75% methylcellulose, 1% Tween-80) sim-
ilar to ST-246 treatment. In one set of experiments mice
were sacrificed at 7, 14, 33, or 180 days post-vaccination.
Serum was isolated from clotted blood obtained by car-
diac puncture and spleens were removed for use in immune
response assays. In other experiments, vaccinated mice
were challenged with lethal doses of VV-WR at 21 or 180
days post-vaccination.

Lethal virus challenge

The mean lethal dose (LDsp) of our preparation of
VV-WR delivered intranasally was determined to be
1.26 x 10° pfu/mouse in 10-week-old mice and in 6-month-

old mice, according to the method of Reed and Muench [16]
(data not shown). The LDs, titrations were performed imme-
diately prior to the challenge experiments using identical
preparations of virus and identically aged mice. In all chal-
lenge experiments, mice were anesthetized by inhalation
of 3% isoflurane (IsoSol, Vedco Inc., St. Joseph, MO). While
anesthetized, the challenge virus was delivered in a total of
10 pl using a pipet to administer approximately half of the
dose to each naris. In all challenge experiments, naive mice
and Dryvax-vaccinated mice were used as controls. In one
set of experiments, 7-week-old mice were vaccinated with
Dryvax on day 0 and treated with ST-246 or vehicle for 14
days, as described above. On day 21 post-vaccination, mice
(now 10 weeks old) were challenged by intranasal inocula-
tion with VV-WR at 10, 100 or 1000 times the LDsq. Mice
were then monitored for survival, signs of disease, weight
and temperature for 14 days. Mice were preemptively euth-
anized when exhibiting severe disease symptoms (such as
>30% weight loss, labored breathing, hunched posture, lack
of mobility and socialization) and/or were moribund. In a
second set of experiments, 7-week-old mice were vacci-
nated with Dryvax on day 0 and treated with ST-246 or
vehicle for 14 days as described above. On day 180 post-
vaccination, mice were intranasally challenged with a 10
LDso dose of VV-WR. Mice were then monitored for survival,
as above, for 14 days. Mice were euthanized when appropri-
ate as described above.

Bacterial expression and purification of VV
proteins for ELISA

The cloning, bacterial expression and purification of vaccinia
antigens D8L, L1R, A27L, B5R, and A33R are to be described
in detail elsewhere. In brief, the open-reading frames for
each gene were amplified by polymerase chain reaction
(PCR) from vaccinia DNA (Copenhagen strain). Restriction
sites engineered into the PCR primers were utilized in
cloning the DNA in the pET41B plasmid (Novagen/EMD Bio-
sciences, San Diego, CA) placing the genes adjacent to the
T7 promoter and creating gene fusions with glutathione-
S-transferase (GST). The DNAs were transformed into
Escherichia coli strains Rosetta or BL21 (DE3) (EMD Bio-
sciences) that express an inducible T7 polymerase. Upon
induction, the bacteria produced amino-terminal GST fusion
proteins that were then purified from cell lysates using
a glutathione column. Protein purity was confirmed by
gel electrophoresis. The proteins were dialyzed against
PBS and diluted to 5ug/ml in PBS for coating ELISA
plates.

Immunoglobulin G ELISA

ELISAs were performed to measure the humoral response to
whole vaccinia and to the individual vaccinia proteins, D8L,
L1R, A27L, B5R, and A33R. The whole vaccinia ELISA was
performed as follows: VV-WR was cultured in BSC40 cells
as described above. The purified virus was UV-inactivated,
diluted in PBS to 1 x 107 pfu/ml and 50 pl/well was added to
Nunc maxisorp (eBioscience, San Diego, CA) 96-well ELISA
plates and allowed to adsorb overnight at 4°C. The coating
solution was removed and the plates were blocked for 1h
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at 37°C using 200 pl well of blocking solution (1x PBS, 5%
Casein, 1% Brij and 0.06% Kathon microbicide). Each mouse
was analyzed individually: the sera were diluted in block-
ing solution starting with a 1:5 dilution of neat sera and
making 1:5 dilutions thereafter. After blocking the plates,
the diluted sera were added in duplicate in a volume of
50 wl/well. The plates were then incubated at 37°C for 3 h.
The plates were washed and a goat-anti-mouse IgG (heavy
and light chain) antibody conjugated to horse-radish peroxi-
dase (Bio-Rad Laboratories, Hercules, CA), diluted 1:10,000
in blocking buffer was added to each well in a volume
of 50 ul. The secondary antibody incubation was at 37°C
for 1h. The plates were washed and 100 ul of (3,3,5,5)-
tetramethylbenzidine (TMB) colorimetric substrate (Pierce,
Rockford, IL) added to each well. The reaction was stopped
after approximately 20 min by addition of 100 ul/well of
2 M sulfuric acid. The OD45o was measured with a Spec-
trafluor Plus plate reader (Tecan, San Jose, CA). Background
absorbance was measured in wells that were only treated
with PBS and blocking solution. Background absorbance
was subtracted from all test absorbance values. The ELISA
for individual vaccinia proteins was performed in a similar
fashion as the whole vaccinia ELISA with the following excep-
tions: Individual vaccinia proteins were diluted to 5 pg/mlin
PBS and 50 wl/well was added to the ELISA plates. Coating of
the plates was performed at room temperature overnight.
Each mouse was analyzed individually. The sera were diluted
1:50 in blocking buffer as a starting dilution and 1:5 dilu-
tions were made thereafter. All other aspects of the assay
were identical to the whole vaccinia ELISA. Endpoint titers
were calculated as the reciprocal of the serum dilution
resulting in an absorbance greater than 2 standard devi-
ations above the absorbance in wells incubated with the
same dilution of naive mouse serum. Calculations were per-
formed using XLFit curve-fitting software (IDBS, Alameda,
CA).

Splenocyte proliferation assay

Freshly harvested spleens from vaccinated (+ST-246 treat-
ment) mice and naive mice as controls were dispersed into
single-cell suspensions by grinding through a cell strainer.
Splenocytes, from 5 mice/group, were pooled. The red
blood cells were lysed by treatment with ACK lysis buffer
(0.15mM NH4CL, 1.0 mM KHCOs, 0.1 mM EDTA). The lympho-
cytes were washed and resuspended in complete medium at
1 x 107 cells/ml. Heat-killed VV-WR was used for antigenic
stimulation. Heat-killed virus was prepared as follows: VV-
WR, at 5 x 10" pfu/ml (in PBS), was boiled for 30 min. The
virus was diluted in complete medium to 5 x 108 pfu equiv-
alents/ml and was further diluted in 1:2 increments for a
total of seven dilutions, all in complete medium. The virus
dilutions were added in 100 .l volumes to triplicate wells on
96-well flat-bottom plates. Splenocytes were added to the
diluted virus in a volume of 100 wl/well such that each well
contained 1 x 10® splenocytes and heat-killed virus at con-
centrations ranging from 5 x 107 to 1.5 x 10° pfu equivalents
in a total volume of 200 ul complete medium. The assay was
cultured in a humidified atmosphere at 37 °C and 5% CO, for
4 days. Cell proliferation was measured using the colorimet-
ric development reagent CellTiter 96® AQueous One Solution

(Promega, Madison, WI) according to the manufacturer’s
instructions with the following exceptions: Splenocytes were
added at a concentration of 1 x 10°cells/well to ensure
adequate cell-to-cell contact and antigen presentation to
T cells. The manufacturer recommends concentrations not
exceeding 1 x 10° cells/well as high cell concentrations can
interfere with the linear relationship between cell number
and absorbance at OD4y. To compensate for this, after 4
days incubation, the cells were resuspended in the culture
medium and 20 ul of the culture contents (1/10 of the cul-
ture) were diluted into 80 .l of PBS on a new 96-well plate.
The development reagent was added in a volume of 20 pl
and the color development proceeded for 4h at 37°C. Color
development was measured at OD4qo in a Spectrafluor Plus
plate reader. Background absorbance values were measured
in wells containing media, PBS and development reagent.
Control absorbance values were measured in wells that
contained splenocytes that had not been stimulated with
antigen. The stimulation index was calculated using the for-
mula: (test absorbance — background absorbance)/(control
absorbance — background absorbance).

Intracellular cytokine stain

Intracellular cytokine staining was performed essentially as
previously described [17]. Initially, vaccinia-infected naive
splenocytes were used as stimulator cells as A-20 cells were
unavailable. In later experiments that were exact repeats
of earlier experiments, A-20 cells were used and yielded
very similar results in terms of cytokine production. A-20
cells were used in subsequent intracellular cytokine stain-
ing experiments and cytokine release assays (see below) for
convenience as they are easily maintained in tissue culture.
Naive splenocytes or A-20 cells were infected with VV-WR
at a multiplicity of infection of five, 6 h prior to setting up
the assay. Mock-infected cells were maintained as controls.
Just prior to setting up the assay, the cells were washed
and resuspended in complete medium at a concentration
of 3 x 10° cells/ml. Splenocytes were prepared in an identi-
cal manner as described above for the proliferation assay.
The lymphocytes were washed and resuspended in com-
plete medium at a concentration of 1 x 107 cells/ml. In a
96-well plate, 100 ul of VV-WR infected splenocytes or A-
20 cells (or mock-infected controls) were incubated with
100 pl of lymphocytes to stimulate VV-specific interferon-y
(IFN-v) production. Human IL-2 (BD Biosciences, San Jose,
CA) was added to a final concentration of 20U/ml and
brefeldin A (BD Biosciences) was added to a final concen-
tration of 3 ug/ml. The assay was set up in duplicate. The
stimulation was performed in a humidified atmosphere at
37°C and 5% CO, for 12—16 h prior to staining. The dupli-
cate cultures were pooled, and then the cell surface was
stained with anti-CD8«-FITC and anti-CD4-PE-CY5. The cells
were then fixed and permeabilized using reagents from
eBioscience (San Diego, CA), followed by intracellular stain-
ing for IFN-y using anti-IFN-y-PE. All antibodies were from
BD BioSciences. Samples were acquired using a Cytomics
FC500 flow cytometer (Beckman Coulter Inc., Miami, FL)
and CXP software. Data was analyzed using WinMDI soft-
ware version 2.8 (J. Trotter, Scripps Institute, San Diego,
CA).
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Cytometric bead array analysis of cytokine release

The culture setup for the cytometric bead array (CBA,
BD BioSciences) was identical to the ICCS setup with the
exceptions that IL-2 and brefeldin A were omitted from
the culture, and the culture period was extended to 48 h.
Culture supernatants were collected at 48 h post-setup and
diluted 1:5 in PBS. The concentrations of TNF-«, IFN-vy, IL-
5, IL-4 and IL-2 were determined using the Mouse Th1/Th2
CBA kit according to the manufacturer’s instructions. Sam-
ples were acquired using a Cytomics FC500 and the data
were analyzed using the CBA software. The concentration of
each cytokine in the supernatants was calculated based on
comparison to the corresponding standard curve generated
using purified cytokines from the kit.

Virus neutralization and comet inhibition assay

Virus neutralization

BSC40 cells were seeded at a density of 2.5 x 10° cells per
well on 12-well plates 24h prior to the assay. Test sera
were heat inactivated by incubation at 56°C for 30 min.
For the neutralization assay, the sera from individual mice
were diluted 1:50 in 100wl of PBS for a starting dilution
and 12 twofold serial dilutions in PBS were made thereafter.
The diluted sera were mixed 1:1 with approximately 50 pfu
of VV-WR in DMEM supplemented with 2.5% FCS, 2mM L-
glutamine and 10 pg/ml gentamicin sulfate (DMEM-2.5) and
incubated overnight at 37°C, as previously described [18].
The growth medium was aspirated from the BSC40 cells and
the virus +serum dilution was added to each well in a vol-
ume of 200 ul followed by addition of 1 ml of DMEM-2.5.
The infected cells were cultured for 24h after which the
monolayer was fixed and stained with 0.1% crystal violet
in 30% ethanol to visualize plaques. The reciprocal of the
serum dilution resulting in a 50% reduction in the initial num-
ber of plaque-forming units (using naive mouse serum as a
negative control), termed ICsy, was calculated using XLFit
curve-fitting software (IDBS, Alameda, CA).

Comet-inhibition assay

BSC40 cell monolayers in 12-well plates, set up as described
for the virus neutralization assay, were infected with the
IHD-J strain of vaccinia at approximately 20 pfu/well in a
volume of 200 ul of PBS, for 1.5h at 37°C. The inoculum was
aspirated and 1 ml of DMEM-2.5 containing a 1:50 dilution of
sera (pooled from five mice per experimental group) was
added to each well. Sera from naive mice and infections
in the absence of sera were used as controls. The infected
cells were fixed and stained with crystal violet at 36 h post-
infection.

HPLC analysis of serum ST-246 concentrations

ST-246 was diluted in MeOH from a (1 mg/ml stock) and
10 ul of each dilution was added to 100 pl normal mouse
serum (Lot# 23417, Biomeda) to generate a standard curve.
One hundred microlitres pooled mouse serum samples (from
day 7 post-vaccination £5T-246 and day 14 post-vaccination
+ST-246) were analyzed for comparison to the standard
curve. Acetonitrile was added into the standard curve

and experimental samples to a final volume of 500 pl fol-
lowed by vigorous vortexing for 15s. The resulting mixtures
were centrifuged at 13,000rpm for 10min at 4°C. The
upper supernatant of 450 wl was transferred to a microcen-
trifuge tube and dried in a centrifugal vacuum evaporator.
One-hundred microlitres MeOH was added to the dried
sample and vortexed briefly, followed by centrifugation at
13,000rpm for 10min at 4°C. Seventy microlitres super-
natant was transferred to a sample vial with a glass insert in
preparation for injection. The analysis was performed on a
HPLC system consisting of the Agilent 1100 series with Qua-
ternary Pump and Diode Array Detector. Chromatographic
separation was performed on a Zorbax Eclipse XDB C18 sol-
vent saver plus column (3.0 mm x 100 mm, 3.5 um; Agilent).
The mobile phase was delivered at 0.5 ml/min consisting of
55% 2.5mM NH4OH (pH 3.5, adjusted with formic acid) and
45% acetonitrile. The column temperature was controlled at
28°C. The detection wavelength for ST-246 was 226 nm. The
injection volume was 10 ul.

Statistical analysis

Student’s t-test were performed to compare one test group
to another at a specific experimental point such as dilution
of sera in ELISAs or dilution of antigen in the proliferation
assays. The t-test were performed using Microsoft Excel soft-
ware and all tests were two-tailed, unpaired with equal
variance. For comparison of all experimental groups within
an experiment, analyzing outcomes such as change in weight
or temperature, ANOVA, using a Pairwise Multiple Compari-
son Procedures (Tukey test) was performed using SigmaPlot
software (Systat Software Inc., San Jose, CA).

Results

ST-246 is currently being developed as a post-exposure
therapeutic for smallpox. Toward that end, ST-246 has
been demonstrated to be efficacious in animal models for
lethal poxvirus challenge [14,19]. This suggests the pos-
sibility that ST-246 may also be used as an adjunct to
the smallpox vaccine to protect against or treat adverse
events due to vaccination. Importantly, though, it must
first be demonstrated that ST-246 does not adversely affect
vaccine efficacy. In this study, we report on the clinical
and immunological responses to the smallpox vaccine in
immunocompetent BALB/c mice. Furthermore, vaccination
+ST-246 is evaluated for protection from lethal challenge in
short- and long-term experiments.

Clinical responses to dermal scarification with
VV-WR or Dryvax

VV-WR is a commonly used laboratory strain of vaccinia
virus. It is often used as a surrogate virus for the authentic
smallpox vaccine (although the routes of administration and
doses used vary considerably) and also for lethal poxvirus
challenge in mice. VV-WR is more virulent in mice than
approved vaccine strains such as the New York City Board of
Health strain of vaccinia that was manufactured by Wyeth
and licensed under the trade name Dryvax®. In our ini-
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Figure 1

Lesion formation and systemic disease following dermal scarification with VV-WR £S5T-246. Seven-week-old BALB/c mice

were challenged with 1 x 108 pfu of VV-WR by the dermal scarification route. One group of mice was treated with vehicle (A, B and
C) while the other group of mice was treated with ST-246 (D, E and F). The mice were monitored for general disease symptoms
such as wasting, ruffling of the fur (A and D), lesion formation and severity (B and E), and evidence of dissemination such as viral
conjunctivitis (C and F) or satellite lesion formation (arrow in B). Mice were photographed on day 9 post-challenge. Images are

representative of three mice per group.

tial studies we used VV-WR to vaccinate 7-week-old female
BALB/c mice. We administered a dose of 1 x 10° pfu/mouse
by dermal scarification of the tail in order to approximate
the human vaccine dose and route of administration. This
dose also corresponds to approximately 10 times the mean
lethal dose (10 LDsg) of virus when mice are challenged
intranasally. One group of vaccinated animals was treated
with vehicle while the other was treated with ST-246 as
detailed in Materials and Methods. Vaccinated mice that
were treated with vehicle formed tail lesions characterized
by redness and induration on days 3 through 5, ulcerated
blistering on days 6 through 8, crusting and scab formation
on days 9 through 14 with eventual release of the scab within
3—4 weeks post-vaccination and residual scarring. Lesions
appeared most severe on or about day 9 (Fig. 1B) and often
involved tissue layers beneath the dermis. Although none of
the mice died as a result of VV-WR vaccination, all exhibited
apparent systemic disease characterized by ruffling of the
fur and wasting, with some animals experiencing conjunc-
tivitis (Fig. 1A and C) and satellite lesion formation (Fig. 1B
arrow). Mice that were treated with ST-246 formed lesions
with the same characteristic stages of progression and reso-
lution but they were much less severe at each stage (Fig. 1E)
and did not extend beyond the dermis. Furthermore, ST-
246-treated mice exhibited no symptoms of systemic disease
such as fur-ruffling, wasting and conjunctivitis seen with the
vehicle-treated mice (Fig. 1D and F). This demonstrates that
after oral delivery, ST-246 is present in the skin at concen-
tration sufficient to arrest viral dissemination and prevent
severe lesion formation.

For the remainder of the study we used Dryvax for vacci-
nations. The vaccine dose was reduced to 5 x 10° pfu/mouse
in order to remain consistent with precedent in the litera-
ture where doses ranging from 1 x 10° to 5 x 10° pfu/mouse

are typically described [20,21]. Seven-week-old female
BALB/c mice were vaccinated with 5 x 10° pfu of Dryvax but
otherwise in an identical manner as the VV-WR-vaccinated
mice. To date we have treated 95 Dryvax vaccinated mice
with ST-246. We have observed lesion formation in 93
of 95 mice (this study and unpublished observations D.
Grosenbach). In no case have the animals exhibited dis-
ease symptoms and all have remained healthy in appearance
throughout the experiments. Progression through the char-
acteristic stages and timing of lesion formation and resolu-
tion was similar to VV-WR vaccination although less severe at
every stage (Fig. 2). Lesions were superficial and restricted
to the dermis. While ST-246 dramatically reduced lesion
severity in all VV-WR-vaccinated mice, there was no consis-
tent evidence of a reduction in lesion severity when Dryvax
vaccinated mice were treated with ST-246. This is likely due
to the reduced virulence of Dryvax relative to VV-WR.

Short- and long-term protective immunity elicited
by Dryvax vaccination in combination with ST-246
treatment

Intranasal challenge of BALB/c mice with VV-WR is a
well-accepted model for lethal poxvirus challenge and is
commonly used to evaluate vaccine efficacy. In order to
compare the protective efficacy of standard vaccination
with vaccine given in combination with ST-246, mice were
vaccinated with 5 x 10°pfu Dryvax by dermal scarifica-
tion. One group of 15 vaccinated mice was treated with
vehicle while another group of 15 vaccinated mice was
treated with ST-246. Naive mice were maintained as con-
trols. Lesions formed as a result of the scarification in all
mice regardless of treatment with vehicle or ST-246 (data
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Figure 2 Lesion formation following dermal scarification with
Dryvax £ST-246. Seven-week-old BALB/c mice were vaccinated
with 5 x 10° pfu of Dryvax by dermal scarification. One group of
mice was treated with vehicle while the other group was treated
with ST-246. All mice in each group were photographed daily.
Individual mice shown here were chosen as representative of

not shown; see Fig. 2). All lesions were fully resolved prior
to challenge. At 21 days post-vaccination, the mice were
challenged with 10, 100 or 1000 LDs, doses of VV-WR by
the intranasal route. One group of naive mice was chal-
lenged with a 10 x LDsq dose while another group of naive
mice was not challenged. The mice were then monitored
14 days for evidence of disease, weight loss, and failure
to maintain body temperature. The naive mice, receiving
a 10 LDsg challenge showed progressive evidence of disease,
loss of weight and failure to maintain body temperature
until day 8, when they were euthanized for humane rea-
sons. All vaccinated mice survived the challenge regardless
of treatment (£ST-246) or the challenge dose (Fig. 3A). The
most pronounced effect of the challenge was evident as
weight loss on days 4 and 6 post-challenge in vaccine/ST-
246-treated mice receiving the 1000 LDsy; dose (Fig. 3B).
The weight of these mice was significantly reduced on day
4 post-challenge (86 +9.85% of starting weight) relative
to all other groups (all P values <0.05) with the excep-
tion of the naive mice receiving a 10 LDsy dose (81 £3.12%
of starting weight) (P=0.727). All other challenged mice
maintained weights that were not significantly different
than unchallenged mice. On Day 6, the weights of the
vaccine/ST-246-treated mice receiving the 1000 LDsy dose
increased and were significantly better than the naive mice
receiving a 10 LDsy dose (P=0.034) but remained signif-
icantly lower than all other groups (all P values <0.05).
By day 8, the weights of the vaccine/ST-246-treated mice
receiving the 1000 LDsy dose were near normal and not
significantly different than any of the vaccine-protected
groups. It is notable that the naive mice, challenged with 10
LDso showed a significant drop in temperature beginning on
day 4, while all groups of vaccinated mice (+ST-246) main-
tained temperatures that were never significantly different
than unchallenged naive mice regardless of the challenge
dose (Fig. 3C). Furthermore, vaccinated mice (£ST-246)
showed no other signs of disease during the course of the
study regardless of challenge dose. These results suggest
that vaccine efficacy is not compromised by adjunct treat-
ment with ST-246.

We also evaluated long-term immunity elicited by vacci-
nation in combination with ST-246. Seven-week-old female
BALB/c mice were vaccinated and treated with vehicle or
ST-246 as described above. At 180 days post-vaccination,
mice were lethally challenged with VV-WR by the intranasal
route. An LDs, titration was performed immediately prior to
challenge in identically aged mice. The challenge dose at
day 180 post-vaccination was calculated to be 10 LDsq based
on this relevant titration experiment. Following challenge,
the mice were then monitored 14 days for evidence of dis-
ease, weight loss, and failure to maintain body temperature.
The naive mice steadily lost weight and failed to maintain
temperature from day 4 on, reaching a nadir on day 8 post-
challenge, at which time three of the five mice in that group
were euthanized for humane reasons. Two of the five mice
in the naive group survived the challenge although it should
be noted that they exhibited severe disease and weight loss

their respective groups by independent evaluation of all images
and selection by the majority of seven laboratory personnel (see
acknowledgements).
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Figure 3  Vaccination in combination with ST-246 and protec-
tion from lethal challenge. Thirty mice were vaccinated with
5 x 10° pfu Dryvax by dermal scarification 21 days prior to chal-
lenge. One group of 15 vaccinated mice was treated with vehicle
while another group of 15 mice was treated with ST-246. On the
day of challenge, vaccine/vehicle-treated mice were divided
into three groups of 5 mice that were challenged intranasally
with VV-WR at 10 LDsy (d), 100 LDsg (¢), or 1000 LDsg (A)
doses. Also, on the day of challenge, vaccine/ST-246-treated
mice were divided into three groups of 5 mice that were chal-
lenged intranasally with VV-WR at 10 LDs5, (M), 100 LDsy (4),
or 1000 LDsy doses (A). As controls, naive mice were chal-
lenged with a 10 LDsy dose of VV-WR (@) or remained naive (O).
Mice were monitored for 14 days post-challenge for survival (A),
maintenance of starting weight (B), and temperature (C). In A,
all experimental groups had 100% survival with the exception of
the Naive/10X Challenge group. Error bars are omitted in B and
C to prevent obscuring the data. Individual data points did not
deviate from the plotted means by more than 4% at all points
with the exception of the ‘‘Vaccine/ST-246/1000X Challenge’’
group in B, which had standard deviations of 9.85, 10.81, 10.15,
6.7, and 3.96 on days 4, 6, 8, 10 and 14, respectively, and the
**Vaccine/10X Challenge’’ group in B, which had standard devi-
ations of 6.75, 8.52, 9.57, 8.77, and 5.95 on days 4, 6, 8, 10 and
14, respectively.
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Figure 4 Long-term protection from lethal challenge. Mice

were vaccinated with 5 x 10° pfu Dryvax 180 days prior to chal-
lenge. One group of vaccinated mice was treated with vehicle
(A) while another group of vaccinated mice was treated with
ST-246 (®). Naive age-matched mice were treated with vehicle
and were maintained as controls (H). On day 180, all mice
were challenged intranasally with a 10 LDsp dose of VV-WR.
Mice were monitored for 14 days post-challenge for survival
(A), maintenance of starting weight (B), and temperature (C).

from which they never fully recovered. In most experiments,
lethally challenged mice are euthanized for humane reasons
when their weight loss exceeds 30% of their starting weight.
The two surviving unvaccinated mice lost 32% and 28% of
their weight respectively but maintained near normal body
temperature. For this reason they remained on study. Both
groups of vaccinated mice (+ST-246) survived the challenge
(Fig. 4A) and lost an equivalent amount of weight (~10% for
both groups) on days 2 and 4 post-challenge, then steadily
regained it until the end of the monitoring period (Fig. 4B).
After an initial drop in temperature on day 2 post-challenge
(that may be due to the slightly higher than normal temper-
atures recorded for all mice on day 0) the mice maintained
temperatures throughout the monitoring period (Fig. 4C).
From this we conclude that long-term immunity is equally
protective between the two treatment groups and is not
affected by vaccination in combination with ST-246.

Comparison of IgG responses to vaccination
+ST-246

The correlates of protective immunity elicited by the small-
pox vaccine are not clearly defined. In humans, the smallpox
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Table 1  Average reciprocal endpoint ELISA 1gG titers and ICso neutralization titers
Antigen Days post-vaccination (4 ST-246)

Day 72 Day 14 Day 332 Day 180

= + = + pb + P = + P
Virus LOD¢ LOD 12,829 7,245 0.58 204,006 256,087 0.54 119,565 23,846 0.17
A27L <100 <100 914 529 0.38 10,732 10,530 0.88 6,070 1,212 0.08
A33R <25 <25 458 56 0.27 3,224 2,359 0.57 2,556 1,963 0.73
B5R <25 <25 338 119 0.48 1,276 1,384 0.93 422 1,658 0.34
D8L <25 <25 20,676 15,221 0.58 19,820 21,668 0.89 20,030 4,760 0.006
L1R <50 <50 290 81 0.35 1,700 1,349 0.68 2,688 1,126 0.20
ICs0 <100 221 238 231 0.47 4,850 10,111 0.21 2,727 884 0.22

@ The data shown for days 7 and 33 are representative of three separate experiments using five mice per group in each experiment.
The data from days 14 and 180 are from a single experiment using five mice per group.
b p value; endpoint titers and ICsg titers were determined for each individual mouse (n=5). Student’s t-test were used to determine

the level of significance between the two sample groups.

€ LOD, limit of detection; in three repeat experiments, results varied from both groups being below the limit of detection to one or
the other group with detectable but low levels of IgG, while the other was below the limit of detection.

vaccine induces robust, long-lasting humoral and cellu-
lar responses [22,23]. Both have been demonstrated to
be protective in animal models [24,25]. So, while it is
clear that vaccination in combination with ST-246 elicits
comparable protective immunity to lethal challenge, the
immune responses may not be the same. For that rea-
son, we examined both cellular and humoral responses
to vaccination with and without ST-246. To test humoral
responses, 7-week-old female BALB/c mice were vacci-
nated and treated with ST-246 or vehicle as described
above. On days 7, 14, 33, and 180 post-vaccination, ani-
mals (5 mice/group/timepoint) were sacrificed and blood
was obtained by cardiac puncture. Sera samples were tested
individually for IgG reactivity towards intact UV-inactivated
vaccinia and bacterially expressed vaccinia antigens, D8L,
L1R, A27L, B5R, and A33R and endpoint titers were deter-
mined by ELISA. Experiments examining immune responses
to vaccine on days 7 and 33 post-vaccination were repeated
three times. Data from days 14 and 180 post-vaccination
are from single experiments, using 5 mice/group analyzed
individually. The results of a representative set of experi-
ments are summarized in Table 1, listing the average titers
from each group. At day 7 post-vaccination, reactivity to
intact virus or individual vaccinia antigens was at or below
the level of detection, respectively. We also tested IgM
responses at day 7 but were unable to detect specific reac-
tivity above high background reactivity (data not shown).
At day 14 post-vaccination, 1gG responses were uniformly
higher in the vaccine/vehicle-treated group compared to
the vaccine/ST-246-treated group although this was not sta-
tistically significant. The lack of significance is likely due to
the variation in responses within experimental groups. At
day 33, IgG responses were very similar regardless of vacci-
nation with or without ST-246. The IgG responses are lower
for nearly all of the antigens by day 180 in both treatment
groups although the only statistically significant difference
was in the response to D8L. The mice that were vaccinated
and treated with ST-246 have lower titers to all antigens
except for B5SR. The lack of significance is likely due to
the variation in responses within experimental groups. It

should be noted that when vaccinating these animals, five
of five mice in the vaccine/vehicle group formed lesions
while only three of five mice in the vaccine/ST-246 group
formed lesions. Considering that vaccine take in the pres-
ence of ST-246 is generally very efficient (i.e., 93 of 95
vaccinated mice formed lesions) we cannot account for this
apparent discrepancy although we consider it possible that
a technical error was made in the delivery of the vaccine to
these mice resulting in the delivery of a substandard dose. In
later ex vivo assays, these mice exhibited vaccinia-specific
splenic cellular responses confirming that they were exposed
to vaccinia even though no lesion was evident. Therefore,
these mice are included in all analyses of immune responses
even though there is a possibility they were not efficiently
vaccinated. The two mice that did not form lesions have dis-
tinctly lower IgG responses to all antigens tested and also
have much lower virus neutralizing titers but have roughly
equivalent cellular responses. Therefore, the titers reported
in Table 1 are the average of all five mice in the group.
In performing analyses of the data excluding the two non-
responding mice, the titers are still generally lower for all
antigens except for B5R where vaccine/vehicle-treated mice
have a titer of 422 and vaccine/ST-246-treated mice have a
titer of 3161 and A33R where vaccine/vehicle-treated mice
have a titer of 2556 and vaccine/ST-246-treated mice have
a titer of 3914. These data suggest that the IgG response
to vaccination when combined with ST-246 treatment may
develop more slowly, reaching equivalent titers in the short-
term and possibly waning to a lower yet still protective titer
in the long-term.

MV and EV neutralizing serum responses

Antibodies generated in response to vaccination are thought
to primarily provide protection by neutralizing both the
MV and EV forms of virus. Neutralization of the MV form
of the virus was measured using a plaque-reduction assay.
Dilutions of heat-inactivated serum (from individual mice)
were incubated with a fixed amount of MV prior to infection
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of cells. The mean inhibitory concentration of serum
resulting in a 50% reduction in the number of plaques
observed when the virus was incubated with naive serum,
termed 1Csp, was calculated by fitting the data to a four
parameter logistic model (variable slope and non-linear
regression model) using curve-fitting software. The 1Cs
was determined for sera on days 7, 14, 33 and 180 post-
vaccination (Table 1). On day 7 post-vaccination, the ICso
for sera from vaccine/vehicle-treated mice was below the
limit of detection while the ICsy for sera from vaccine/ST-
246-treated mice was 221. On day 14, the I1C5y was similar
for both groups (231 vs. 238), while on day 33, the ICsq for
vaccine/vehicle-treated mice was 4,850 and the IC5y for
vaccine/ST-246-treated mice was 10,111. By day 180, the
ICso for vaccine/vehicle-treated mice had dropped to 2727
and the ICsy for vaccine/ST-246-treated mice was 884.
Neutralization of the EV form of the virus was measured
using a comet-inhibition assay, a qualitative assessment. The
IHD-J strain of vaccinia is a variant that produces relatively
large amounts of EV that are released by the cell. As a result
of infecting cells downstream in the microcurrents of cell
cultures, comet-shaped plaques are formed instead of typi-
cal round plaques. Antibody neutralization of EV causes the
aggregation of EV on the surface of infected cells preventing
the formation of comet-shaped plaques. Normal cell-to-cell
spread of virus is not inhibited. Therefore, round-shaped
plaques form. IHD-J was diluted such that upon infection,
approximately 20 plaques would form per well. Follow-
ing the infection period, the viral inoculum was aspirated
and replaced with fresh media containing a 1:50 dilution
of serum (pooled from 5 mice/group/timepoint). The virus
was cultured for 36 h before staining the cell monolayer.
The sera from the treatment groups were compared to
sera from age-matched naive mice (Fig. 5). The day 7 sera
from vaccine/vehicle-treated mice did not inhibit comet
formation while the sera from vaccine/ST-246-treated mice
completely inhibited plaque-formation altogether. HPLC
analysis of the day 7 sera confirmed that the ST-246-treated
mice still had sufficiently high concentrations of ST-246
in their blood and that even with a 1:50 dilution, the
level of ST-246 was above the tissue culture ECsy (data
not shown). This likely also accounts for the apparently
higher 1C5y observed for the day 7 sera from vaccine/ST-
246-treated mice. On day 14, the sera from both treatment
groups partially inhibited comet-formation and by day 33,
comet-formation was completely inhibited by sera from
both treatment groups. The day 180 sera from both treat-
ment groups were still capable of inhibiting comet formation
although not as efficiently as the day 33 sera. While typical
comets did not form, there were more satellite plaques vis-
ible. These data indicate that ST-246 does not affect the
development of neutralizing antibody responses.

Cellular immune responses

Mice were vaccinated and treated with vehicle or ST-246
as described above. The mice were sacrificed on days
7, 14, 33, and 180 post-vaccination and splenic cellular
immune responses were analyzed by cytometric bead array
for cytokine release, intracellular cytokine stain (ICCS) for
IFN-y production by CD4* and CD8* T cells, and for pro-

Days Post-Vaccination
Day 14 Day 33

Day 180

Naive

Vaccine/ST-246 Vaccine

Figure 5 Serum inhibition of IHD-J comet formation. Mice
were vaccinated with Dryvax by dermal scarification and treated
with vehicle or ST-246, as detailed in Materials and Methods.
On days 7, 14, 33, or 180 post-vaccination, pooled sera from
each experimental group were tested for the ability to inhibit
comet formation by vaccinia IHD-J. BSC40 cell monolayers were
infected with IHD-J at a low multiplicity of infection. Follow-
ing infection, medium containing a 1:50 dilution of pooled sera
from naive mice or vaccinated mice treated either with vehicle
or ST-246 was added to the cells. The monolayers were stained
with crystal violet at 36 h post-infection.

liferation in response to restimulation with vaccinia. The
cytometric bead array mouse Th1/Th2 kit (TNF-«, IFN-vy,
IL-2, IL-4 and IL-5) was used to analyze cytokine release
in response to vaccinia. Splenocytes from vaccinated (£ST-
246) or naive mice were stimulated immediately ex vivo
with mock-infected or VV-WR-infected A-20 cells. VV-WR
infected naive splenocytes were used as stimulator cells in
some experiments. A-20 cells are syngeneic to the BALB/c
background and express both class | and class Il molecules
and are therefore capable of stimulating both CD4* and
CD8* T cells. Supernatants were collected at 48 h and the
cytokine concentrations were determined (Fig. 6). Spleno-
cytes from all treatment groups produced background levels
near zero of all cytokines tested when stimulated with
mock-infected cells. Naive splenocytes produced very lit-
tle cytokines above background in response to stimulation
with vaccinia. Vaccinia-stimulated splenocytes from vac-
cinated mice (£ST-246) produced TNF-a, IFN-y, and IL-2
well above background at all time points tested (Fig. 6),
while IL-4 and IL-5 were produced at levels near the lim-
its of detection for the assay (20pg/ml, data not shown).
In general, the production of TNF-«, IFN-y, and IL-2 was
slightly enhanced by vaccination in combination with ST-
246 at days 7, 14 and 33 post-vaccination. While this was
most pronounced at day 7, it was not statistically signif-
icant. In comparing the vaccine/vehicle-treated group to
the vaccine/ST-246-treated group, the P values for TNF-
a and IFN-y were 0.1 and 0.07, respectively. At day 180
post-vaccination, the cytokine response to vaccine given in
combination with ST-246 is slightly reduced in comparison
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Figure 6 Vaccinia-specific cytokine release. Mice were vac-
cinated with Dryvax by dermal scarification and treated with
vehicle or ST-246, as detailed in Materials and Methods.
On days 7, 14, 33, and 180 post-vaccination, splenic T-cell
responses were measured. Splenocytes from individual mice
(5 mice/group/timepoint) were analyzed for vaccinia-specific
cytokine responses. Splenocytes were stimulated with vaccinia-
infected naive splenocytes (days 7 and 14) or vaccinia-infected
A-20 cells (days 33 and 180) for 48 h and then the supernatants
were tested for TNF-a, IFN-y, and IL-2 release by cytometric
bead array. The graphs show the mean response and error bars
represent the standard deviation of five individually analyzed
mice. Asterisks indicate significant differences (>95% confidence
interval, two-tailed t-test).

to the vaccine-vehicle-treated animals. This is most pro-
nounced in the IFN-y response where the differences are
statistically significant (P=0.005).

For the ICCS, splenocytes from vaccinated (+ST-246) or
naive mice were stimulated immediately ex vivo with VV-
WR-infected A-20 cells or VV-WR infected naive splenocytes.
The splenocytes were stimulated for a total of 12—16h in
the presence of brefeldin A and human IL-2 prior to staining
with anti-CD8«, anti-CD4 and anti-IFN-y antibodies. In three
repeats of this experiment, we never observed CD4* or CD8*
T cell IFN-vy responses at day 7 post-vaccination (Fig. 7). This
is in contrast to numerous reports in which robust cellular
responses have been observed 7—9 days post-infection with
vaccinia [17,26—28]. It is likely that the differences in our
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Figure 7 Intracellular cytokine staining of vaccinia-specific
CD8* T cells. Mice were vaccinated with Dryvax by dermal
scarification and treated with vehicle or ST-246, as detailed
in Materials and Methods. On days 7, 14, 33, and 180 post-
vaccination splenic CD8" T-cell responses were measured. Mice
were individually analyzed (5 mice/group/timepoint). Spleno-
cytes from naive or vaccinated mice (+ST-246) were stimulated
with vaccinia-infected naive splenocytes (days 7 and 14) or
vaccinia-infected A-20 cells (days 33 and 180) for 12 to 16 h in
the presence of brefeldin A and IL-2 and then stained for extra-
cellular CD8a and intracellular IFN-y. The cells were analyzed
by flow cytometry: the CD8*/IFN-y* is plotted as a percentage
of total CD8* T cells (mean of five individually analyzed mice).
Background staining (vaccinia stimulation of naive splenocytes)
is subtracted from all values. Error bars represent the standard
deviation of five individually analyzed mice.

observations and those of others are due to the virus used
(Dryvax vs. VV-WR), the dose used and the different routes
of viral challenge (dermal scarification vs. intraperitoneal).
At day 14 post-vaccination, the CD4*/IFN-y response was
still below the limits of detection while there was a low but
detectable CD8*/IFN-y response in both treatment groups
that was similar in magnitude. At day 33 post-infection there
was a clearly detectable IFN-vy response specific for vaccinia.
The percentage of CD4* T cells producing IFN-y was low but
significantly above background. The responses were simi-
lar regardless of vaccination with or without ST-246 and in
all repeats of the experiment ranged from 0.35 to 0.5% of
total CD4* T cells (data not shown). The CD8* responses in
each treatment group were also similar at day 33. In three
repeats of the experiment, 3.37, 3.86 and 4.87% of CD8" T
cells stained positive for IFN-vy in the vaccine/vehicle group
while 3.26, 5.06 and 5.61% of CD8" T cells stained positive
for IFN-v in the vaccine/ST-246 group. In the first two exper-
iments, pooled splenocytes from 5 mice/group were used. In
the third experiment, 5 mice/group were individually ana-
lyzed and the mean response is reported here. On day 180
post-vaccination the percentages of vaccinia-specific CD4*
(data not shown) and CD8" T cells staining positive for IFN-y
were essentially the same as that observed on day 33. In ana-
lyzing the cytokine responses to restimulation, it is apparent
that there is a relatively robust vaccinia-specific TNF-a and
IFN-y response at day 7 post-vaccination. By the ICCS it
is also apparent that at least the IFN-y is not being pro-
duced by CD8* or CD4" T cells. This raises the possibility of
involvement of other immune cells, such as those involved in
the innate response, at early time points post-vaccination.
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Figure 8 Vaccinia-specific proliferative responses. Mice were

vaccinated with Dryvax by dermal scarification and treated
with vehicle or ST-246 as detailed in Materials and Meth-
ods. On day 33 post-vaccination splenic proliferative responses
were measured. Pooled splenocytes (5 mice/group) were
stimulated with various dilutions of heat-killed vaccinia (as
indicated on the x-axis) for 4 days and then proliferation
was measured using the CellTiter 96® AQueous One Solu-
tion. The stimulation index was calculated using the formula:
(test absorbance — background absorbance)/ (no antigen control
absorbance — background absorbance). Error bars indicate stan-
dard deviations from triplicate wells.

Although we have not identified the cells involved in this
early response, it appears that ST-246 treatment may slightly
enhance this response.

Splenocytes were also tested for proliferative responses
to vaccinia antigens at day 33 post-vaccination. Heat-killed
whole virus was used as the source of antigen. Various dilu-
tions of the heat-killed virus were incubated with a fixed
number of splenocytes. Proliferative responses were mea-
sured after 4 days incubation. The stimulation index was
calculated for each experimental group using control wells
that were incubated in the absence of antigen. The stimu-
lation index for naive mice was at or near 1 at all dilutions
of antigen. The stimulation index for vaccine/vehicle- and
vaccine/ST-246-treated groups was greater than 2.5 at the
highest concentration of antigen and titrated in a linear
fashion with each dilution of antigen (Fig. 8). The stimu-
lation index for the vaccine/vehicle and the vaccine/ST-246
groups was significantly higher (P<0.05) than the stimula-
tion index of naive splenocytes at every dilution of antigen.
There were no statistically significant differences in stimula-
tion between vaccine/vehicle- and vaccine/ST-246-treated
groups at any dilution of antigen. The data in Fig. 8 is rep-
resentative of three independently performed experiments
examining proliferation at day 33 post-vaccination with sim-
ilar results. We also tested for proliferative responses to
vaccination at days 14 and 180 post-vaccination (data not
shown) but were unable to detect responses above a rel-
atively high background. This may represent a limitation
to the use of the non-radioactive detection reagents used
in this assay, since we anticipated proliferative responses
at these times. Alternatively, the proliferative response to
vaccination may be genuinely undetectable at these times.

Discussion

There is a need for a safer smallpox vaccine. The cur-
rent U.S.-approved smallpox vaccine has the highest adverse

event rate of any vaccine being used [29]. Historically 1000
out of a million vaccinees suffer complications from small-
pox vaccination. More than 50 out of a million events will
be life-threatening and 1—2 out of a million will result in
death [5]. Life-threatening vaccine-related complications
most often arise in individuals with a disease, condition, or
treatment resulting in a disrupted skin barrier or compro-
mised immunity. Approximately, 25% of the U.S. population
is at risk or would place a close contact at risk of complica-
tion from the vaccine [29].

Current efforts to generate safer smallpox vaccines
include the use of live but attenuated strains of vaccinia
such as Modified Vaccinia Ankara (MVA) or defective Lister
LC16m8 [21,30—37]. Alternatives to the live virus approach
to smallpox vaccine development include the use of sub-
unit DNA [38—40], peptide [25], or protein vaccines [41,42]
and bacterial vectors [43]. These alternatives are in the
early stages of development and significant developmental,
clinical and regulatory hurdles are likely to be encountered
prior to approval for wide-spread clinical use. It should be
noted that in the U.S., the Dryvax vaccine will very likely
be replaced by ACAM2000 (Acambis plc, Cambridge, UK), a
new live virus vaccine derived from Dryvax. While this vac-
cine has been demonstrated to be as effective as Dryvax,
the risk of adverse events due to vaccination apparently
remains the same. Immune responses to this vaccine with
and without ST-246 as an adjunct should also be tested also.

We propose an alternative approach to the new vac-
cines in development; one in which the Dryvax vaccine (or
ACAM2000), which is proven to be effective but not entirely
safe, is used in combination with ST-246, a novel antiviral
drug in development as a smallpox therapeutic, to improve
its safety. In previous animal studies [13], it has been demon-
strated that ST-246 protects animals from lethal poxvirus
challenge and suggests that protective immunity is elicited
even in the presence of the drug. Previous to this report, a
detailed comparative analysis of immune responses elicited
by smallpox vaccination in the presence of ST-246 has not
been performed.

The data presented in this study demonstrate that pro-
tective immunity elicited by the smallpox vaccine is not
compromised by concurrent treatment with ST-246. ST-246
reduces the severity of lesion formation due to vaccina-
tion with VV-WR but has no effect on the less severe lesion
formation due to Dryvax vaccination (Figs. 1 and 2). This
suggests that ST-246, if used as an adjunct to the smallpox
vaccine in humans, will not inhibit the vaccine ‘take’’—the
lesion formed as a result of vaccination that is often used as
evidence of vaccine-induced protective immunity. We con-
sider this to be significant considering that in the event of
a smallpox outbreak the vaccine will be administered to all
suspected of exposure. In the absence of a lesion, serolog-
ical testing would be necessary to confirm vaccine-induced
protective immunity.

The IgG responses to whole virus or individual virion
proteins as determined by ELISA are slightly reduced by ST-
246 (Table 1), but the virus-neutralizing serum responses
are unaffected by the drug (Table 1 and Fig. 5). Cellular
immune responses were not significantly affected by ST-
246: the cytokine release assays demonstrate that TNF-q,
IFN-y, and IL-2 responses are slightly enhanced by ST-246
(Figs. 6 and 7) at early times post-vaccination, while the
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proliferative responses to vaccinia antigens are unaffected
(Fig. 8). Our observations that early cellular responses may
be slightly enhanced by ST-246 were initially considered
to be the result of normal experimental variability, but in
all repeats of the experiment, the trend remained consis-
tent. Additional studies will be necessary to further confirm
the reproducibility of this phenomenon and understand the
mechanism. Considering our results, it is possible that vac-
cination in combination with ST-246 enhances natural killer
cell activity, or NK1.1 or v3 T cell activation at early times
post-infection since cytokine production did not appear to
be due to detectable CD4* or CD8"* T cell activation although
the response was virus-specific. We will address these pos-
sibilities in future studies. It was intriguing that the IFN-vy
response on day 180 post-vaccination as determined by the
CBA assay was elevated relative to earlier time-points. To
our knowledge there is no precedent in the literature for this
observation. These assays were necessarily performed at dif-
ferent times (although the assay conditions were identical)
so it is possible that the results reflect inter-assay variability.
We consider this unlikely in light of the fact that the TNF-«
and IL-2 responses, measured from the same sample, as well
as our negative control samples, are not correspondingly
elevated. Analysis of the IFN-y response by ICCS at these
same time-points using the same preparation of splenocytes
and stimulator cells demonstrates that the number of cells
producing IFN-v in response to restimulation is very simi-
lar at days 33 and 180 post-vaccination. It is possible that
at day 180 post-vaccination, T-cell avidity is higher, thus
enabling a more robust recall response to restimulation or,
alternatively, non-CD4* or -CD8* antigen-specific responses
are contributing to the overall response similar to what was
observed on day 7 post-vaccination.

ST-246 is in development as a post-exposure therapeutic
for smallpox. It has been proven to be extremely efficacious
in preventing poxvirus disease in a post-exposure setting.
Considering this, it is reasonable to think that ST-246 may be
used to prevent or treat smallpox vaccine-related adverse
events. It is debatable whether a 14-day treatment regimen
is feasible under the conditions in which smallpox vaccina-
tion would be given (i.e., prior to deployment for military
personnel, prophylactic vaccination of ‘‘first responders’’,
or emergency vaccination of the civilian population in the
event of a smallpox outbreak). This issue cannot be specif-
ically addressed at this time considering that ST-246 is still
under development as a drug and that final formulations and
dosing requirements are unknown.

In this study, we demonstrate that protective immune
responses to the vaccine are not inhibited by ST-246. This
study was performed in immunocompetent mice so that
a direct comparison of robust immune responses could be
made. The risk of adverse events in humans is elevated
in immunocompromised individuals or those with a his-
tory of eczema (atopic dermatitis) or other exfoliative skin
disorders amongst other contraindications. Murine models
for these situations exist. Future studies will be focused
on testing the pathogenicity of the smallpox vaccine and
prophylactic and therapeutic efficacy of ST-246 in these
models Additionally, we will begin to address the in vivo
mechanism of action of ST-246 on poxvirus replication and
dissemination both at the site of inoculation (the ‘‘pock’’)
and at in distal tissues as well as dissemination between

hosts. Based on our previous data [13], the observations
of others [14,19] and findings presented here, we hypoth-
esize that ST-246 will be effective in preventing or treating
smallpox vaccine-related adverse events in these models
without compromising immune responses. This raises the
possibility that ST-246 may be used as an adjunct to the
smallpox vaccine in individuals, for whom the vaccine is
currently contraindicated, protecting them from serious
adverse events, without inhibiting the generation of pro-
tective immunity.
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