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Whole-body bioimaging was used to study dissemination of vaccinia virus (VACV) in normal and in immune deficient (nu�/
nu�) mice protected from lethality by postchallenge administration of ST-246. Total fluxes were recorded in the liver, spleen,
lungs, and nasal cavities of live mice after intranasal infection with a recombinant IHD-J-Luc VACV expressing luciferase. Areas
under the flux curve were calculated for individual mice to assess viral loads. Treatment for 2 to 5 days of normal BALB/c mice
with ST-246 at 100 mg/kg starting 24 h postchallenge conferred 100% protection and reduced viral loads in four organs com-
pared to control mice. Mice also survived after 5 days of treatment with ST-246 at 30 mg/kg, and yet the viral loads and poxes
were higher in these mice compared to 100-mg/kg treatment group. Nude mice were not protected by ST-246 alone or by 10 mil-
lion adoptively transferred T cells. In contrast, nude mice that received T cells and 7-day treatment with ST-246 survived infec-
tion and exhibited reduced viral loads compared to nonreconstituted and ST-246-treated mice after ST-246 was stopped. Similar
protection of nude mice was achieved using adoptively transferred 1.0 and 0.1 million, but not 0.01 million, purified T cells or
CD4� or CD8� T cells in conjunction with ST-246 treatment. These data suggest that ST-246 protects immunocompetent mice
from lethality and reduces viral dissemination in internal organs and poxvirus lesions. Furthermore, immune-deficient animals
with partial T cell reconstitution can control virus replication after a course of ST-246 and survive lethal vaccinia virus challenge.

Vaccination of the general public against smallpox was discon-
tinued in the United States in 1972 after the massive world-

wide vaccination campaign that eradicated smallpox. However,
the threat of the potential release of variola virus (the causative
agent of smallpox) as a bioterrorist agent and the emergence of
monkeypox virus infections in humans led to a renewed interest in
the development of antiviral drugs and safer vaccines (1–3). The
effectiveness of preventive smallpox vaccination with the Dryvax
vaccine (that has been replaced with a newly licensed vaccine
ACAM2000) has been well documented (4, 5). However, little is
known about the protective capacity of smallpox vaccines when
used after exposure to variola virus. Earlier studies have concluded
that in the event of an outbreak, there is a very small window of
about 4 days when vaccine can be administered in order to prevent
or significantly ameliorate subsequent illness and provide protec-
tion from a fatal outcome (reviewed in reference 1). The currently
licensed smallpox vaccine containing replicating vaccinia virus
(VACV) poses a significant risk to individuals with certain skin
disorders or immunodeficiency conditions (6, 7). To manage
cases of vaccine-associated complications and for treatments of
accidental exposures, several new antiviral compounds are being
investigated in animal models and in clinical trials in humans (8).

Currently, only cidofovir (CDV), a nucleoside analog ap-
proved for the treatment of cytomegalovirus retinitis in AIDS pa-
tients, is permitted for use as emergency treatment in the case of a
smallpox outbreak (9). Several limitations of CDV, such as the
requirement for intravenous dosing and high incidence of acute
kidney toxicity, promoted the development of CMX001, a lipid
conjugate of CDV, which is orally bioavailable and does not in-
duce nephrotoxicity. CMX001 is being evaluated in animal mod-

els according to the U.S. Food and Drug Administration (FDA)
Animal Rule for licensure of new smallpox treatments (10).

ST-246 is a low-molecular-weight compound identified
through a high-throughput screening of �300,000 compounds
for their ability to inhibit VACV-induced cytopathic effects in
Vero cells (11). In vitro, ST-246 was found to be active against
multiple species of orthopoxviruses, including VACV, cowpox vi-
rus, ectromelia virus, monkeypox virus, camelpox virus, and
variola virus, with a 50% effective concentration of �0.07 �M
(11). ST-246 exerts its antiviral activities by targeting F13L (p37),
a specific viral phospholipase that plays an important role in egress
of viral particles and production of extracellular virus (11). In vivo,
the daily administration of ST-246 for 5 to 14 days has been shown
to protect normal mice from lethal intranasal challenge with
ectromelia and cowpox viruses (11, 12). In immune-deficient
mice, protection was observed in mice receiving treatment; how-
ever, the mice succumbed after ST-246 treatment ceased (13).
Importantly, in nonhuman primates, ST-246 has been shown to
protect from poxvirus disease, reduce viral loads, and enhance
survival (14). Clinical trials showed that ST-246 was well tolerated
by human subjects after daily oral administration (15). Moreover,
ST-246, together with VIGIV and CMX001, was recently success-
fully used for the treatment of progressive vaccinia, demonstrat-
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ing the advantage of combination therapy utilizing drugs that tar-
get different stages of VACV infection (16).

Previous publications and studies in our laboratory have
shown that whole-body bioimaging provides an advantage over
more traditional methods for assessing the effectiveness of vac-
cines and immunoglobulin-based treatments using mouse mod-
els of respiratory VACV infection (17–20). In the present study,
we used bioimaging and statistical analysis of viral loads calculated
as the area under the flux curve (AUC) to further define mecha-
nisms of protection from lethal challenge conferred by ST-246 in
normal and in immune-deficient mice. Using this approach, we
explored the impact of drug dose and of time of treatment initia-
tion and termination on mortality, viral loads, as well as dermal
pox development, in normal mice. Previous studies have shown
that ST-246 extended survival but did not rescue T-cell-deficient
nude mice from lethality, suggesting that B cells alone are not
sufficient for protection in the presence of ST-246 treatment. In
the present study, we sought to determine whether under the same
conditions, transferred T cells would protect nude mice from le-
thality. We showed that adoptively transferred T cells (or T cell
subsets) in combination with ST-246 therapy not only protected
nude mice from lethal challenge but also prevented viral rebound
after the discontinuation of ST-246 treatment and protected ani-
mals from rechallenge without the need for additional ST-246
treatment.

MATERIALS AND METHODS
Virus. A recombinant VACV expressing luciferase (IHD-J-Luc) was con-
structed based on the International Health Department J (IHD-J) strain of
VACV. The luciferase gene (under the control of the synthetic E/L pro-
moter) was inserted at a truncated host range gene locus equivalent to the
cowpox gene, CPX077. Details of the construction and characterization of
sucrose gradient purified IHD-J-Luc were previously described (19, 20; C.
Meseda et al., unpublished data). BSC-1 cells were infected with IHDJ-
Luc, and the titer of viral stock was determined using BSC-40 cells. The
plaque phenotype of IHD-J-Luc is similar to wild-type IHD-J VACV in
plaque size and in the formation of comet-like plaques under liquid me-
dium overlay (C. Meseda, unpublished data). The IHD-J strain infects
and replicates in NIH 3T3 mouse cells (12). A single stock of IHD-J-Luc
VACV containing 3.9 � 109 PFU/ml was used throughout the study.

Preparation of cells for in vivo adoptive transfer. T cells, CD4� T
cells, and CD8� T cells were obtained from the spleens of normal female
BALB/c mice at 6 to 8 weeks of age (National Cancer Institute, Frederick,
MD) using mouse pan T cell, mouse CD4� T cell, and mouse CD8�� T
cell isolation kits II (Miltenyi Biotec, Inc., Auburn, CA), respectively, ac-
cording to the manufacturer’s instructions. The obtained subsets were
99% pure as verified by flow cytometry.

Mice and protocols for in vivo treatments. Five-week-old female
BALB/c mice or 7- to 8-week-old BALB/c nude mice (National Cancer
Institute) were used in all experiments. Immediately prior to challenge,
mice were anesthetized using 2,2,2-tribromoethanol dissolved in tertiary
amyl alcohol and diluted in sterile phosphate-buffered saline (PBS) ac-
cording to the manufacturer’s instructions. The anesthesia was adminis-
tered at 20 �l per g of body weight by intraperitoneal injection. Mice were
challenged via the intranasal route with 105 PFU (10 50% lethal doses
[LD50]) or 104 PFU (1 LD50) of IHD-J-Luc for normal and for nu/nu mice,
respectively, in a 10-�l volume delivered in one nostril.

For postchallenge treatments, ST-246 at 100 mg/kg (or as specified in
the study) or vehicle control were administered in 100-�l volumes via oral
gavage using 38.1-mm Animal Feeding Needles (Cadence Science, Inc.,
Cranston, RI) starting at 24 h postinfection or as specified.

For the adoptive-transfer experiment, purified T cells, or CD4� or
CD8� T cell subsets from normal BALB/c mice in 400-�l volumes in PBS

were injected into the tail veins of nude mice 24 h before challenge using
1-ml insulin syringes with 28G 0.5-in. needles (Becton Dickinson). The
handling of mice and experimental procedures were approved by the Cen-
ter for Biologics Evaluation and Research animal study review committee.
Group sample sizes for each experiment are specified in the figure legends.

In vivo measurements of luciferase activity. The details of whole-
body imaging using IVIS 50 instrument (Caliper Life Sciences, Hopkin-
ton, MA) were previously described (21). In brief, mice received a single
150-�g/g (body weight) intraperitoneal injection of D-luciferin (potas-
sium salt) (Caliper) 10 to 15 min prior to imaging. Mice were anesthetized
in an oxygen-rich induction chamber with 2% isoflurane and were im-
aged daily on days 1 to 10 postchallenge or as specified. In some experi-
ments, mice were sacrificed immediately after imaging, and the ovaries
were excised, placed into the wells of 24-well plates in RPMI medium,
and subjected to imaging. Images were analyzed with the LivingImage
3.02 software according to the manufacturer’s instructions (Caliper).
The background bioluminescence was determined using images of
D-luciferin-injected animals 1 day prior to infections. In all calcula-
tions, the background bioluminescence was subtracted from experi-
mental values. Poxvirus lesions were counted on mouse tails using
dorsal images as previously described (22).

Statistical analysis. Kaplan-Meier survival curves of time-to-death
after infection were generated using GraphPad Prism v5 software. The
AUC was calculated for each mouse; mean AUCs of various groups were
compared using two-sample t tests. For each set of comparisons, the flux
curves were truncated at the last time point at which all mice had complete
data, to ensure fair comparisons between groups. We also used two-sam-
ple t test to compare the number of poxes between groups. All results were
considered statistically significant at a P of �0.05 (two-tailed). We per-
formed these analyses using version 2.15 of the R statistical software pack-
age (23).

RESULTS
Effect of the length of ST-246 treatment on animal survival and
on IHD-J-Luc viral loads in the organs of normal mice. Previous
studies showed that orally administered ST-246 twice per day for
14 days protected immunocompetent mice from lethal orthopox-
virus challenge (11). To determine the minimal duration of treat-
ment with ST-246 that confers protection from lethality, BALB/c
mice were infected with 105 PFU of IHD-J-Luc virus via the intra-
nasal route, and were treated daily for 1, 2, 3, or 5 days with either
a full dose of ST-246 (100 mg/kg) in experiment 1 or with a sub-
optimal dose (30 mg/kg) in experiment 2 (6 animals/group), or
with vehicle control, starting at 24 h postinfection (Fig. 1). To
monitor virus dissemination from the site of infection to the lungs
and internal organs, mice were subjected to whole-body bioimag-
ing daily for 10 days using the IVIS 50 instrument. All mice that
received vehicle control succumbed within 8 days postchallenge
(Fig. 1A and B, black circles). Treatment with a full dose of ST-246
(100 mg/kg) for 2, 3, or 5 days protected 100% of mice, while 1 day
of treatment resulted in 66% survival (Fig. 1A, purple circles). At
the suboptimal dose (30 mg/kg), only the 5-day treatment pro-
tected 100% of animals. Treatment for 2 to 3 days provided partial
protection, and mice that received a single injection of ST-246 at
30 mg/kg did not survive (Fig. 1B).

Images of infected mice were processed using LivingImage
software to quantify total photon fluxes emitted by infected or-
gans in individual mice, and mean total fluxes were calculated as
previously described (20). During the first 4 days postinfection,
mean total fluxes increased in all groups of mice in all organs and
reached maximum on days 4 to 5, after which they gradually de-
clined in all animals that survived (Fig. 1C to F). Mean total fluxes
detected in all four organs were highest in mice that received ve-
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hicle (black circles) and lowest in mice that were treated for 5 days
with full dose (red squares) or with suboptimal dose of ST-246
(Fig. 1C to F and data not shown). By day 10, bioluminescence in
internal organs returned to background levels in animals that re-
ceived ST-246 for 3 or 5 days, and the rest of survived animals
cleared infection in all organs by the end of the observation period
(day 21 [data not shown]).

To determine whether ST-246 significantly reduced viral loads
in the internal organs, AUC values were calculated for individual
mice for days 1 through 5 when all animals were alive in experi-
ments 1 and 2. Mean AUCs were compared between ST-246-
treated and vehicle-treated animals (Table 1). For days 1 to 5,
AUCs in all organs were significantly lower in mice that received
ST-246 at 100 mg/kg compared to vehicle control mice (vehicle/
1). In mice that received 30 mg of ST-246/kg, the AUCs for days 1
to 5 were significantly lower in the lungs, spleen, and liver but not
in the nasal cavity compared to vehicle control (vehicle/2). To

further investigate how the dose of ST-246 treatment affected viral
loads, mean AUCs calculated for each organ were compared be-
tween mice that received full and suboptimal dose of ST-246. A
Student t test confirmed that the AUCs were higher in spleens and
in livers of mice that received ST-246 at 30 mg/kg compared to the
100-mg/kg dose for 1, 2, 3, or 5 days. AUCs in the nasal cavity and
in the lungs were significantly different between the 30-mg/kg and
the 100-mg/kg groups in animals that were treated for 3 and 5 days
and in nasal cavity or in the lungs in animals that were treated for
2 days or for 1 day, respectively (Table 1).

In addition to fluxes in organs, we used dorsal images of in-
fected mice to count poxes on mouse tails (Table 2) (22). No poxes
were detected in mice prior to day 3 postinfection (data not
shown). In mice that received vehicle, a maximum numbers of
poxes were detected on days 5 and 6 (average of 6.7 to 10.3 poxes/
animal/day). Treatment with ST-246 at 100 mg/kg significantly
reduced poxes in all mice compared to the control group between

FIG 1 Two days of treatment with ST-246 at 100 mg/kg dose starting 24 h postchallenge with IHD-J-Luc VACV was required to protect 100% of BALB/c mice
from lethality. (A to F) Lethality outcome and bioluminescence measurements in the internal organs of BALB/c mice infected with recombinant IHD-J-Luc
VACV. BALB/c mice were infected intranasally with IHD-J-Luc VACV at 105 PFU. Starting 24 h postchallenge, mice received daily treatments with vehicle alone
for 5 days (black circles) or with ST-246 for 1 day (purple open circle), 2 days (blue diamond), 3 days (green triangle), or for 5 days (red square) (A to F) at 100
mg/kg (A, C to F) or at 30 mg/kg (B). Mice were observed for survival (A and B) and were subjected to whole-body bioimaging (C to F). Total fluxes in the nasal
cavity (B), lungs (D), liver (E), and spleen (F) were determined and used to calculate the mean total flux � the standard deviation (SD) using a Student t test.
Vehicle/1, 28 animals per group; vehicle/2, 18 animals per group; all ST-246-treated mice, 6 mice per group.

TABLE 1 Mean AUCs for BALB/c mice infected with 105 PFU of IHD-J-Luc VACV and treated daily with ST-246 at 200 or 30 mg/kg postchallenge

Treatment

Mean AUC (log10 p/s � day) � 2�SEa

Nasal cavity Lungs Liver Spleen

ST-246

MD

ST-246

MD

ST-246

MD

ST-246

MD100 mg/kg 30 mg/kg 100 mg/kg 30 mg/kg 100 mg/kg 30 mg/kg 100 mg/kg 30 mg/kg

Vehicle 38.8 � 0.4 39.5 � 0.6 30.2 � 0.4 30.9 � 0.7 30.9 � 0.4 31.9 � 0.7 28.1 � 0.4 28.7 � 0.5
ST-246 (1 day) 37.2 � 0.8* 38.4 � 0.9 1.2 27.3 � 0.8** 29.0 � 0.6** 2.7* 27.2 � 0.4** 29.7 � 0.6** 2.5** 25.0 � 0.6** 26.7 � 0.6** 1.7*
ST-246 (2 days) 36.7 � 0.5** 38.7 � 0.6 2.0** 26.7 � 0.6** 27.6 � 0.9** 0.9 24.9 � 0.9** 27.7 � 0.8** 2.8** 23.2 � 0.7** 24.9 � 0.7** 1.7*
ST-246 (3 days) 36.3 � 1.3** 39.3 � 0.7 3.0* 25.8 � 1.0** 27.7 � 0.2** 1.9** 23.7 � 1.0** 27.6 � 0.4** 3.9** 21.9�1.3** 25.3 � 0.4** 3.4**
ST-246 (5 days) 35.6 � 2.2** 38.6 � 0.7 3.0* 25.7 � 0.5** 28.2 � 0.7** 2.5* 23.8 � 0.5** 27.0 � 0.4** 3.2** 21.7 � 0.4** 24.6 � 0.8** 2.9**

a The mean AUC values were calculated for fluxes in mice for days 1 to 5. ST-246 was tested at 100 or 30 mg/kg, as indicated, and the mean difference (MD) for each pair of values
is also indicated. Asterisks in the 100- and 30-mg/kg columns reflect significant differences in the mean AUC between groups of mice that received ST-246 versus vehicle/1 for the
100-mg/kg group or vehicle/2 for the 30-mg/kg group. Asterisks in the MD columns reflect significant differences in mean AUCs in mice that received similar durations of
treatment with 100-mg/kg versus 30-mg/kg doses of ST-246. *, P � 0.05; **, P � 0.001 (two-sample t test). p/s, photons per second.
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days 3 and 6. After the ST-246 treatment was stopped, poxes ap-
peared in animals that were treated for �3 days, while very few
poxes were detected in mice receiving 100 mg of ST-246/kg for 5
days. The same trend was observed in mice that received ST-246 at
30 mg/kg. However, there was a dose-dependent increase in pox
counts: in 5-day treatment groups, higher numbers of poxes were
detected after treatment termination (i.e., days 6 to 10) in mice
that received 30 mg of ST-246/kg compared to those receiving 100
mg/kg (Table 2).

VACV is known to replicate to high titers in the ovaries of
female mice (24). To determine whether ST-246 treatment had
any effect on the viral dissemination to the ovaries, BALB/c mice
were infected with IHD-J-Luc and treated with vehicle or with a
full dose of ST-246 daily for 3 days (Fig. 2). On days 3 to 5 postin-
fection, bioluminescence signals were detected in the spleens and
lungs in both groups of mice, but the intensity was clearly lower in
the ST-246-treated animals (Fig. 2a, e, and i versus Fig. 2c, g, and

k). Ex vivo bioimaging of isolated ovaries detected biolumines-
cence signals only in ovaries from vehicle-treated animals (Fig. 2b,
f, and j) but not in ovaries from ST-246-treated animals (Fig. 2d, h,
and l).

These data demonstrated that at least 2 days of treatment with
full dose of ST-246 (100 mg/kg) was required to protect immuno-
competent mice from lethality and that postchallenge treatment
with full dose of ST-246 for 5 days significantly reduced viral loads
in multiple organs and in the skin (pox lesions). Treatment with a
suboptimal dose (30 mg/kg) for 5 days protected animals from
lethality but was less effective in curtailing virus replication in
internal organs and in preventing pox formation compared to the
100-mg/kg treatment.

Treatment with ST-246 can be delayed for up to 3 days (but
not 4 days) postinfection. In the event of a smallpox outbreak,
initiation of antiviral treatment may be delayed inadvertently for
some exposed individuals. To investigate whether ST-246 admin-

TABLE 2 Pox counts in mice that received ST-246 at 100 or at 30 mg/kg for 1, 2, 3, or 5 days

Treatment Dose (mg/kg)

Avg pox no./animal/day � SDa at day postinfection:

3 4 5 6 7 8 9 10

Expt 1
Vehicle (5 days) 0.9 � 0.3 5.9 � 0.8 9.5 � 0.9 10.3 � 0.5 NA NA NA NA
ST-246 (5 days) 100 0** 0** 0.3 � 0.5** 0** 0.3 � 0.5 0.3 � 0.5 0.2 � 0.4 0.2 � 0.4
ST-246 (3 days) 100 0** 0** 1.2 � 1.3** 3.2 � 3.5** 3.3 � 2.5 3.0 � 2.4 1.8 � 1.6 1.3 � 1.5
ST-246 (2 days) 100 0** 0.5 � 0.8** 2.8 � 2.1** 5.2 � 3.3* 6.3 � 2.9 7.2 � 1.8 5.3 � 3.1 3.0 � 1.8
ST-246 (1 day) 100 0** 1.2 � 1.2* 7.7 � 1.8* 8.5 � 1.8* 9.2 � 3.1 10.2 � 3.1 10.2 � 2.6 7.4 � 3.5

Expt 2
Vehicle (5 days) 2.0 � 1.9 4.2 � 2.1 7.2 � 2.9 6.7 � 2.9 NA NA NA NA
ST-246 (5 days) 30 0* 1.3 � 1.2* 2.7 � 1.9* 3.8 � 2.6 4.5 � 2.4 4.7 � 2.3 4.8 � 3.1 4.0 � 2.9
ST-246 (3 days) 30 0* 0.8 � 1.2* 4.3 � 1.4 5.5 � 1.2 7.5 � 2.1 8.3 � 2.0 8.4 � 2.2 7.8 � 1.7
ST-246 (2 days) 30 0.3 � 0.5 1.5 � 1.5 4.8 � 1.5 6.0 � 1.5 7.7 � 2.5 4.0 � 0.0 NA NA
ST-246 (1 day) 30 0.5 � 0.8 2.7 � 1.5 5.5 � 2.3 8.3 � 2.9 8.0 � 2.2 7.0 � 0.0 NA NA

a Poxes on mouse tails were counted using images of individual mice and were used to calculate average pox number per survived animal for each day. Asterisks denote significant
differences between ST-246 and vehicle groups in mean daily pox count. *, P � 0.05; **, P � 0.001. NA, not applicable.

FIG 2 ST-246 treatment prevented dissemination of IHD-J-Luc VACV into the ovaries of normal BALB/c mice. BALB/c mice (9 mice per group) were infected
with IHD-J-Luc and were treated daily for 3 days with vehicle (a, b, e, f, i, and j) or with a full dose of ST-246 (c, d, g, h, k, and l). On days 3 (a to d), 4 (e to h),
and 5 (i to l), 3 mice per group were imaged and, immediately after imaging, mice were sacrificed, and the ovaries were imaged ex vivo in the wells of a 24-well
plate. Dorsal images of live mice and of extracted ovaries (two ovaries from one mouse in a single well) are shown in panels a, c, e, g, i, and k and in panels b, d,
f, h, j, and l, respectively.
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istration can be delayed without compromising protection,
BALB/c mice were infected with IHD-J-Luc VACV and treated for
5 days with vehicle alone or with ST-246 at 100 mg/kg starting on
day 2, 3, or 4 postinfection (Fig. 3). Initiation of treatment on day
4 did not protect animals from lethality. The survival curve for this
group appeared similar to that of the vehicle control group (Fig.
3A). In contrast, initiation of treatment on days 2 or 3 conferred
full protection from lethality (Fig. 2A). Mice were subjected to
bioimaging daily for 10 days (Fig. 3B to E). Fluxes recorded in
vehicle-treated animals (closed circles) and in mice that started
ST-246 treatment on day 4 (open squares) were very similar in all
four organs, confirming the lack of control of virus replication and
dissemination (Fig. 3B to E). In mice that received ST-246 on day
2 or 3 postinfection, an initial rise in fluxes was observed during
first 2 or 3 days, which was followed by a gradual decline, coincid-
ing with the initiation of treatment. All mice that received ST-246
with a 2- or 3-day delay survived. However, AUCs calculated
through day 9 postinfection (when both groups completed treat-
ment) were significantly lower in mice that started ST-246 treat-
ment on day 2 compared to those that started treatment on day 3
(Fig. 3F to I).

The same mice were used to monitor pox development (Table
3). In vehicle-treated mice, the number of poxes/animal peaked
around days 6 to 7. As expected, the numbers of poxes were not
significantly different between mice that received ST-246 treat-
ment starting on day 4 and control mice. Importantly, a delay of 2
days, followed by a 5-day treatment with ST-246, prevented pox

development, while a further delay by 1 day reduced, but did not
prevent, pox development in some mice. Together, these data
demonstrated that a delay in ST-246 treatment for up to 2 days
provided complete protection from lethality, significantly re-
duced viral loads in internal organs, and prevented pox develop-
ment in mice even after treatment termination.

Protection of nude mice from lethality and viral dissemina-
tion requires adoptively transferred T cells prior to ST-246
treatment. Previous studies in immune-deficient mice showed
that continuous administration of ST-246 protected 100% of
SCID mice from lethal challenge with VACV-WR (13). However,
after ST-246 was stopped, the virus replication ensued, and all
mice succumbed. This outcome was predictable based on the vi-
rostatic mechanism of ST-246 activity (11). Since most of im-
mune-deficient subjects maintain some functional immune cells,
we sought to determine whether treatment with ST-246 can pro-
tect T cell-deficient BALB/c nude mice that were reconstituted
with T cells. To answer this question, nude mice received an adop-
tive transfer of 107 T cells purified from the spleens of normal
BALB/c mice (or received a sham transfer of PBS) 1 day before
infection with 104 PFU of IHD-J-Luc, and were treated daily with
vehicle alone (for 7 days), or with ST-246 for 3, 5, or 7 days starting
24 h postinfection (Fig. 4). Nude mice that were reconstituted
with T cells or were sham reconstituted with PBS and were treated
with vehicle (Tc/vehicle and PBS/vehicle, respectively) had nearly
identical lethality curves, and all succumbed by day 12 postinfec-
tion (Fig. 4A, closed black and gray circles). Nude mice that did

FIG 3 ST-246 started 2 or 3 days, but not 4 days, postinfection protected mice from lethal challenge with IHD-J-Luc VACV. BALB/c mice were infected with
IHD-J-Luc as described in Fig. 1 and were treated for a total of 5 days with vehicle on days 2 to 6 (�) or with ST-246 at 100 mg/kg on days 2 to 6 (�), days 3 to
7 (o), or days 4 to 8 (�) (A to E). Mice were observed for lethality (A) and were subjected to bioimaging daily for 10 days (B to E). Total fluxes in the nasal cavity
(B), lungs (C), spleen (D), and liver (E) were determined and used to calculate the mean total flux � the SD using a Student t test. (F to I) AUCs were calculated
for fluxes from individual mice for days 1 to 10 in the nasal cavities (F), lungs (G), spleens (H), and livers (I) of mice that received ST-246 on day 2 to 6 and days
3 to 7 only. The data are shown as mean AUCs � 2�SE for groups of 6 mice per group. The experiment was performed twice with similar results.

TABLE 3 Pox counts in BALB/c mice that received ST-246 at 100 mg/kg starting 2, 3, and 4 days postinfection

Treatment

Avg pox no./animal/day � SDa at day postinfection:

3 4 5 6 7 8 9 10

Vehicle 1.2 � 1.6 5.5 � 2.8 9.0 � 2.4 12.0 � 3.1 12.5 � 0.7 NA NA NA
ST-246 (days 2 to 6) 0.2 � 0.4 0.5 � 0.8* 0.8 � 1.0** 0.7 � 1.2** 0** 0 0 0
ST-246 (days 3 to 7) 0.7 � 0.8 2.5 � 2.3 3.2 � 2.6* 2.7 � 2.5** 3.3 � 2.7 2.5 � 1.6 2.5 � 2.3 2.5 � 1.8
ST-246 (days 4 to 8) 1.0 � 1.5 4.5 � 3.7 6.2 � 2.6 6.5 � 3.5 5.7 � 4.7 5.0 � 3.6 4.0 � 3.5 NA
a Asterisks denote significant differences between ST-246 and vehicle groups in mean daily pox counts as follows: *, P � 0.05; and **, P � 0.001. NA, not applicable.
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not receive T cells and were treated with ST-246 for 7 days (PBS/
ST-246) survived for the duration of treatment but subsequently
succumbed to infection between days 12 to 16 (Fig. 4A, open
circles). In contrast, the groups of T cell-reconstituted mice that
were treated with ST-246 for 3, 5, or 7 days, showed survival rates
of 25, 75, and 100%, respectively. These data suggested that a
7-day treatment with ST-246 was required to allow generation of
strong antiviral T cell immunity that could control virus replica-
tion after treatment cessation (Fig. 4A).

All animals were imaged daily for the first 10 days, and surviv-
ing animals were imaged for additional days, as indicated in Fig.
4B to E. Vehicle-treated animals demonstrated the same kinetics
of virus replication in all organs, irrespective of whether they were
reconstituted with T cells or not, confirming that T cells alone did
not control viral dissemination (Fig. 4B to E, black and gray cir-
cles). The mean fluxes in the organs of mice that received T cells
and ST-246 for 3 or 5 days were similar for both groups early
postinfection but increased sharply once ST-246 treatment was
terminated, on days 5 and 7, respectively (Fig. 4B to E, green
inverted triangles and blue triangles). Importantly, in mice that
received 7-day treatment with ST-246 with or without T cells, viral
loads were controlled until day 8 (the last time point of ST-246
treatment) and then sharply increased in mice that received sham
transfer (open circles). In nude mice that received adoptively
transferred T cells and that were treated with ST-246 (Tc/ST-246)
for 7 days (red squares) bioluminescence was reduced compared
to PBS/vehicle or Tc/vehicle groups and returned to levels of bio-
luminescence in noninfected animals by day 13, suggesting clear-
ance of the virus. Surviving animals in the Tc/ST-246 shorter

treatment groups (3 or 5 days) also cleared the virus from all
organs between days 13 and 21 (Fig. 4B to E, green and blue tri-
angles and data not shown).

To further analyze the contributions of T cells and of ST-246
on viral loads, mean AUCs were calculated for fluxes in the organs
of individual mice for either the first 6 days (time period when all
mice survived), the first 8 days (when all mice in groups with
ST-246 treatment survived), or the first 13 days (when all mice in
the PBS/ST-246 [7-day] and Tc/ST-246 [7-day] treatment groups
survived) (Table 4). On day 6 postchallenge, a significant differ-
ence in mean AUC in all organs was observed between mice that
were treated with ST-246 with or without T cell transfer compared
to the control group (PBS/vehicle). On days 8 and 13, we com-
pared the AUCs between groups of mice that were treated with
ST-246 with or without T cell transfer (i.e., Tc/ST-246 versus PBS/
ST-246). On day 8, mean AUCs were significantly higher in the
lungs, spleen, and liver in mice that were reconstituted with T cells
and treated with ST-246 for only 3 days compared to AUCs in
nonreconstituted mice that received ST-246 treatment for 7 days,
suggesting that at early time points after infection, ST-246 plays a
dominant role in reducing viral loads. Importantly, at day 13, in
mice that received ST-246 for 7 days, mean AUCs were signifi-
cantly lower in all organs of T cell-reconstituted mice compared to
the AUCs in nonreconstituted mice, suggesting that after ST-246
was stopped (day 8), T cells were able to control viral loads and
eventually clear virus-infected cells (Table 4 and Fig. 4B to E).

Dorsal images were used to score poxes on mouse tails (Table
5). Poxes were detected starting from day 4 and peaked around
days 8 to 9 in both PBS/vehicle and Tc/vehicle groups, indicating

FIG 4 Nude mice reconstituted with 10 million T cells were protected from lethality when they received ST-246 for no less than 1 week. Nude mice received an
adoptive transfer of 10 million purified T cells, were infected with IHD-J-Luc VACV at 104 PFU, and were treated daily with vehicle alone for 7 days (gray circles),
or with ST-246 at 100 mg/kg for 7 days (red square), 5 days (blue triangle), or 3 days (inverted green triangle). In control, nude mice received transfer of PBS
(sham adoptive transfer), were infected, and were treated daily for 7 days with vehicle alone (black circles) or with ST-246 (black open circles). Mice were observed
for lethality (A) and were subjected to bioimaging daily to calculate mean fluxes � the SD in the nasal cavity (B), lungs (C), spleen (D), and liver (E). PBS/vehicle,
Tc/vehicle, Tc/ST-246 5D, and Tc/ST-246 3D, 8 mice per group; PBS/ST-246 and Tc/ST-246 7D, 4 mice per group. Mean background levels of fluxes (p/s,
photons per second) � the SD were recorded in nude mice prior to infection in the nasal cavity (23.3 � 103 � 4.5 � 103), lungs (36.3 � 103 � 11.6 � 103), spleen
(10.9 � 103 � 2.5 � 103), and liver (30.2 � 103 � 2.1 � 103) and are shown as broken lines (means only) in panels B, C, D, and E, respectively. The experiment
was performed twice with similar results.
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that T cells alone could not prevent pox development. In sham-
reconstituted mice, ST-246 inhibited poxes during treatment;
however, poxes were detected after ST-246 was stopped (day 12).
In T-cell reconstituted mice that received ST-246 for 3 or 5 days
poxes started to appear after ST-246 was stopped, and their num-
bers increased in the following days up to the levels seen in vehicle-

treated mice. Importantly, in T cell-reconstituted mice that re-
ceived ST-246 for 7 days, no poxes were detected on day 12,
suggesting that T cells controlled both virus replication in internal
organs (Fig. 4) and dissemination to the skin (Table 5).

Together, these data demonstrated that neither T cells nor a
7-day treatment with ST-246 alone could rescue nude mice from
fatal vaccinia virus infection. However, immune reconstitution of
nude mice with T cells (107 per animal) reduced viral dissemina-
tion, prevented pox lesion development, and protected from le-
thality, if viral replication was controlled by ST-246 for no less
than 1 week.

Either CD4�or CD8� T cell reconstitution can provide long-
term protection of ST-246-treated nude mice from lethal VACV
challenge. To determine whether CD8� or CD4� T cells are re-
quired for protection of nude mice from lethal challenge with
VACV, we purified CD4� T cells and CD8� T cells from the
spleens of normal BALB/c mice and injected 10 million cells of
either subset into the mouse tail vein 1 day prior to infection with
104 PFU of IHD-J-Luc. Starting at 24 h postinfection, mice re-
ceived daily treatments with ST-246 at 100 mg/kg or vehicle for 7
days (Fig. 5). As seen in the previous experiments, no vehicle-
treated animals (with or without T cell reconstitution) were pro-
tected from lethality (Fig. 5A, closed symbols). In contrast, all
mice that were reconstituted with either CD4� T cells or CD8� T
cells before challenge and were treated with ST-246 for 7 days
survived (Fig. 5A, open symbols). Imaging of mice showed that
fluxes in the nasal cavity, lungs, spleen, and liver of all vehicle-
treated groups increased sharply starting from 2 days postinfec-
tion (Fig. 5B to E, closed symbols). In contrast, mice that were
reconstituted with T cell subsets and were treated with ST-246,
exhibited good control over viral replication in the lungs, spleen,
and liver, and to a lesser degree in the nasal cavity (Fig. 5B to E,
open symbols). Mean AUCs � 2 � the standard error (2�SE)
were calculated based on the AUCs of fluxes measured in individ-
ual mice for first 7 days, the last time point where all animals
survived (Fig. 5F to I). In all four organs, the mean AUCs were not
significantly different between control mice (PBS/vehicle) and
mice reconstituted with either CD4� or CD8� T cells and treated
with vehicle, suggesting that neither subset was sufficient to sup-
press viral replication in the absence of antiviral treatment (Fig. 5F
to I). In contrast, in mice that were reconstituted with CD4� or
with CD8� T cells and were treated with ST-246 (7 days), AUC
values were significantly lower compared to control mice (Fig. 5F
to I). In addition, in ST-246 treatment groups, there was a trend
toward lower AUCs in mice reconstituted with CD8� T cells com-
pared to CD4� T cells that reached significance (Fig. 5F to I).

TABLE 4 Mean AUCs in the organs of nude mice reconstituted with 10
million T cells and infected with IHD-J-Luc

Organ and treatment

Mean AUC (log10 p/s � day) � 2�SEa

D6 D8 D13

Nasal cavity
PBS/vehicle 43.2 � 1.6
Tc/vehicle 43.0 � 2.3
PBS/ST-246 40.4 � 2.0* 57.5 � 2.8 103.0 � 3.7
Tc/ST-246 (7 days) 38.6 � 0.5* 55.1 � 1.1 86.8 � 3.8*
Tc/ST-246 (5 days) 39.1 � 1.9* 57.0 � 2.5
Tc/ST-246 (3 days) 40.9 � 0.9* 45.5 � 0.9*

Lungs
PBS/vehicle 33.7 � 1.2
Tc/vehicle 34.4 � 1.0
PBS/ST-246 28.9 � 0.6* 40.7 � 0.9 73.9 � 2.1
Tc/ST-246 (7 days) 27.4 � 0.7* 38.4 � 0.8* 62.5 � 1.4*
Tc/ST-246 (5 days) 28.2 � 0.7* 40.6 � 0.9
Tc/ST246 (3 days) 29.2 � 0.9* 43.3 � 1.1*

Spleen
PBS/vehicle 32.7 � 1.3
Tc/vehicle 33.5 � 1.7
PBS/ST-246 24.9 � 0.7* 36.2 � 0.9 69.2 � 0.9
Tc/ST-246 (7 days) 25.3 � 0.8* 35.4 � 1.0 56.5 � 1.3*
Tc/ST-246 (5 days) 25.9 � 0.7* 38.9 � 0.7*
Tc/ST-246 (3 days) 27.1 � 0.5* 42.2 � 1.0*

Liver
PBS/vehicle 35.5 � 1.2
Tc/vehicle 35.6 � 1.4
PBS/ST-246 28.0 � 0.9* 40.1 � 1.6 75.3 � 2.2
Tc/ST-246 (7 days) 27.2 � 0.8* 38.3 � 1.3 63.1 � 2.2*
Tc/ST-246 (5 days) 27.7 � 0.8* 41.2 � 1.0
Tc/ST-246 (3 days) 28.9 � 0.4* 44.6 � 0.7*

a The mean AUC values were calculated for fluxes in mice for days 1 to 6 (D6), 1 to 8
(D8), and 1 to 13 (D13) for groups where all mice survived during this time frame. For
D6, the significance is indicated between the mean AUCs in T cell/vehicle (Tc/vehicle)
or T cell/ST-246 (Tc/ST-246) groups versus the PBS/vehicle group (indicated in
boldface); for D8 and D13, significance is indicated between the mean AUCs for PBS/
ST-246 (indicated in boldface) versus the Tc/ST-246 groups. *, P � 0.05. p/s, photons
per second.

TABLE 5 Pox counts in nude mice reconstituted with T cells, infected with IHD-J-Luc VACV, and treated postchallenge with ST-246 for 3, 5, or for
7 days

Treatment

Avg pox no./animal/day � SDa at day postinfection:

4 5 6 7 8 9 12

PBS/vehicle 0.1 � 0.4 2.5 � 2.1 3.5 � 2.8 5.4 � 2.3 5.3 � 3.2 7.0 � 2.8 NA
Tc/vehicle 0.3 � 0.5 2.4 � 1.4 3.8 � 2.4 5.2 � 2.0 5.3 � 5.1 2.0 � 0.0* NA
PBS/ST-246 (7 days) 0 0* 0* 0.3 � 0.5* 0* 0* 4.8 � 1.0
Tc/ST-246 (7 days) 0 0* 0* 0.5 � 0.6* 0.5 � 0.6* 0.5 � 1.0* 0
Tc/ST-246 (5 days) 0 0* 0* 0.5 � 0.8** 1.5 � 1.4* 1.5 � 1.3* 2.1 � 1.9
Tc/ST-246 (3 days) 0 0* 0.5 � 0.8* 0.2 � 1.1* 4.9 � 1.6 8.0 � 0.0 5.0 � 1.4
a Asterisks denote significant differences between PBS/vehicle and all other groups in mean daily pox count. *, P � 0.05. NA, not applicable.
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VACV-induced lesions were scored on the tails of nude mice,
and the results showed that similar to animals reconstituted with
total T cells (Table 5), in the absence of ST-246 treatment, neither
CD4� nor CD8� T cells were able to prevent pox development
(Table 6). However, in the presence of ST-246 treatment, no poxes
were detected in infected nude mice that were reconstituted with
CD4� or with CD8� T cells even after the ST-246 treatment
ceased (Table 6).

Titration of transferred T cells in nude mice prior to IHD-J-
Luc VACV challenge and ST-246 treatment. In order to better
mimic patients with different levels of T cell deficiency, it was
important to identify the lowest number of transferred T cells
sufficient to protect nude mice from lethal challenge with VACV
in the presence of ST-246. To that end, nude mice received an
adoptive transfer with 1.0, 0.1, and 0.01 million of total T cells or
CD4� or CD8� T cells purified from the spleens of normal
BALB/c mice, or received a sham transfer with PBS (Fig. 6, 7, and
8). One day postreconstitution, mice were infected with 104 PFU
of IHD-J-Luc and were treated with vehicle or with ST-246 daily
for 7 days starting 24 h postinfection. As in previous experiments,
control mice (PBS/vehicle) succumbed between days 6 and 12,

whereas mice that were treated with ST-246 (PBS/ST-246) suc-
cumbed between days 12 and 16 (Fig. 6A). After an adoptive trans-
fer of T cells or of CD4� or CD8� T cells at 106 or 105 cells per
mouse and treatment with ST-246 for 1 week, nude mice survived
(Fig. 6, closed and open colored symbols), did not loose weight
(data not shown), and cleared the viral infection in all organs by
day 14 or by day 30, respectively.

To determine whether the differences in viral loads in mice that
received 1.0 or 0.1 million T cells or T cell subsets were significant,
AUCs for fluxes in individual mice were calculated for days 1 to 6
(all groups) and for days 1 to 12 (only for mice in ST-246-treated
groups) and used to calculate mean AUCs � 2�SE (Table 7). On
day 6, mean AUCs were significantly lower in all four organs of
mice that received ST-246 compared to vehicle-treated mice.
There were no significant differences between mice that received
ST-246 with or without T cells on day 6 (data not shown). On the
other hand, in the ST-246 treatment group, significant differences
in the mean AUCs were observed between mice reconstituted with
106 total T cells or with CD4� or CD8� T cells versus nonrecon-
stituted mice on day 12 when ST-246 treatment ended but all mice
in ST-246 groups were alive. In the case of transfer of 105 cells,

FIG 5 Adoptively transferred CD4� and CD8� T cells conferred protection from lethality and reduced viral loads in the recipient nude mice after ST-246
treatment. Nude mice received an adoptive transfer with 10 million of CD8� T cells (closed and open triangles) or CD4� T cells (closed and open squares) or were
sham transferred (gray circles) (A to E). All mice were infected with 104 PFU of IHD-J-Luc and were treated daily with ST-246 at 100 mg/kg (closed triangles and
closed squares) or with equal volume of vehicle (gray circles, open triangles, and open squares) for 7 days starting 24 h postchallenge (A to E). Mice were observed
for lethality (A) and were subjected to bioimaging (B to E). Total fluxes in the nasal cavity (B), lungs (C), spleen (D), and liver (E) were determined and used to
calculate mean total flux � the SD using a Student t test. (F to I) AUCs were calculated for fluxes from individual mice for first 7 days in the nasal cavities (F), lungs
(G), spleens (G), and livers (H) and used to calculate mean AUCs � 2�SE for mice that received sham transfer with PBS (black circles) or were reconstituted with
CD4� (open squares) or CD8� T cells (open triangles). Significant differences are shown between CD4� or CD8� T cell-reconstituted and ST-246-treated mice
and sham-reconstituted vehicle-treated mice and for ST-246-treated nude mice reconstituted with CD4� versus CD8� T cells. *, P � 0.05; **, P � 0.001.
PBS/vehicle, CD8� Tc/ST-246, 4 mice per group; CD4� Tc/vehicle and CD8� Tc/vehicle, 3 mice per group; CD4� Tc/ST-246, 5 mice per group. The experiment
was performed twice with similar results.

TABLE 6 Pox counts in nude mice reconstituted with CD4� or with CD8� T cells, infected with IHD-J-Luc VACV, and subjected to treatment with
ST-246 for 7 days

Treatment

Avg pox no./animal/day � SDa at day postinfection:

4 5 6 7 8 9 10 14 17

PBS/vehicle 0 2.8 � 1.0 5.0 � 1.6 7.3 � 1.7 8.0 � 0.0 9.0 � 1.4 NA NA NA
CD8� Tc/vehicle 1.0 � 1.0 3.3 � 1.5 5.3 � 0.6 6.7 � 1.2 7.0 � 0.0 10.0 � 0.0 NA NA NA
CD8� Tc/ST-246 0 0** 0** 0** 0** 0** 0 0 0
CD4� Tc/vehicle 1.0 � 0.0 1.7 � 1.2* 4.0 � 1.0 4.7 � 1.5 7.7 � 2.1 NA NA NA NA
CD4� Tc/ST-246 0 0** 0** 0** 0** 0** 0 0 0
a Asterisks denote significant differences between PBS/vehicle and all other groups in mean daily pox count. *, P � 0.05; **, P � 0.001. NA, not applicable.
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total T cells or CD8� T cells controlled viral loads after ST-246 was
terminated as efficiently as 106 transferred cells in the lungs,
spleen, and liver. However, reconstitution with 105 of CD4� T
cells did not significantly reduce AUCs, suggesting that 105 of
CD4� T cells did not control viral loads to the same degree as 105

total T cells or CD8� T cells (Table 7, D12 columns). Together,
comparisons of mean AUCs of fluxes between groups of reconsti-
tuted mice suggested that 1.0 million T cells or T cell subsets were
more efficient than 0.1 million in controlling viral loads during
and after treatment termination (Fig. 6 and Table 7).

The lowest number of T cells or T cell subsets used for recon-
stitution, 104 cells, failed to rescue mice from lethality, and the
viral loads in all organs continued to increase during and after
the 7-day ST-246 treatment (Fig. 7). Therefore, we have identified
the 105 T cell as the lowest cell number required for full protection
from lethality, as well as virus control and prevention of poxes.

Reconstituted nude mice survived VACV infection and devel-
oped long-term VACV-specific memory. To determine whether
reconstitution of nude mice with T cells (or CD4� or CD8� T cell
subsets) was sufficient not only to clear the primary virus chal-
lenge but also to generate long-term VACV-specific immunity, we
repeated the experiment described in Fig. 6 and reconstituted
nude mice with 105 T cells or T cell subsets prior to infection and
treatment with ST-246. The viral loads from the primary infection
were completely cleared in all organs in all mice by week 3 postin-
fection (Fig. 8). On day 67 postinfection, all mice were rechal-
lenged with 104 PFU of IHD-J-Luc and subjected to bioimaging
for the following 10 days. No weight loss was noted in mice after
rechallenge with IHD-J-Luc (data not shown). In the nasal cavities

of all mice, a transient increase in fluxes were measured within 1 to
2 days after rechallenge that returned to background levels within
4 days (Fig. 8A). There was minimal dissemination to the lungs
(Fig. 8B) and no viral dissemination to the spleen and liver (Fig.
8C and D). These data confirmed that primary infection in T
cell-reconstituted and ST-246-treated mice was sufficient to gen-
erate virus-specific memory T cells that protected mice from le-
thality and viral dissemination after secondary infection with no
need for additional ST-246 treatment.

DISCUSSION

ST-246 is a low-molecular-weight compound that inhibits the
egress of orthopoxviruses from infected cells in vitro and confers
protection from orthopoxvirus infections in vivo in animal mod-
els. In the present study, we subjected normal and immune-defi-
cient mice infected with a lethal dose of IHD-J-Luc VACV to
whole-body bioimaging and assessed the effects of ST-246 on viral
loads by comparing mean AUCs between treated and control
groups. The main results of the study were as follows: (i) 2 days of
treatment with a full dose (100 mg/kg) and 5 days of treatment
with a suboptimal dose (30 mg/kg) of ST-246 were required to
protect normal mice from lethality and to significantly reduce
viral loads (mean AUCs) in the spleen, liver, lungs, and nasal cav-
ity; (ii) treatment with ST-246 could be delayed for up to 3 but not
for 4 days without compromising survival, albeit a 3-day delay did
not prevent pox development posttreatment; (iii) immune-defi-
cient (nude) mice that were transiently treated with ST-246 or
received an adoptive transfer with 10 million T cells did not sur-
vive challenge. However, a combination of transferred T cells or of

FIG 6 One million and 0.1 million of T cells transferred to nude mice were sufficient to protect from lethality in conjunction with 7-day treatment with ST-246.
One day prior to infection with 104 PFU of IHD-J-Luc, nude mice received an adoptive transfer with 1.0 or 0.1 million of T cells (blue closed and open squares)
or of CD4� (red closed and open triangles) or CD8� T cells (green closed and open diamonds) from normal BALB/c mice and starting 1 day postinfection, were
all treated with ST-246 for 7 days. Control mice were sham transferred with PBS 1 day before infection and after infection received vehicle or ST-246 (black closed
and open circles) for 7 days. Mice were observed for lethality (A) and were subjected to bioimaging until day 14 or 15 for all surviving mice and additionally on
days 21 and 30 for the group of mice that were reconstituted with 0.1 million of T cells or T cell subsets to confirm complete clearance of IHD-J-Luc from all
organs. Recorded fluxes were used to calculate mean fluxes � the SD in the nasal cavity (B), lungs (C), spleen (D), and liver (E). PBS/vehicle, 3 mice per group;
PBS/ST-246, Tc 106/ST-246, and Tc 105/ST-246, 4 mice per group. The experiment was performed twice with similar results.
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purified CD4� or CD8� T subsets 1 day before challenge, followed
by a 7-day treatment with ST-246 (starting at 24 h postinfection)
protected nude mice from lethality, reduced viral loads in internal
organs, and prevented the development of pox lesions; (iv) 0.1
million was found to be the lowest number of T cells required for
reconstitution resulting in protection from lethality when com-
bined with ST-246 treatment postchallenge; and (v) surviving
nude mice were protected from a subsequent IHD-J-Lu challenge
with no need for drug intervention.

Previous studies have shown that oral administration of ST-
246 for 2 weeks protected normal mice from lethal challenge with
the Western Reserve (WR) or IHD-J strains of VACV (11, 12).
Here, we confirmed and expanded these findings by monitoring
the replication of IHD-J-Luc VACV containing higher fractions of
the EEV form of VACV compared to the WR strain. ST-246 is
administered orally. The finding that full dose of ST-246 was also
effective in inhibiting viral loads in the lungs and nasal cavity
suggested an efficient absorption of the drug from the gastrointes-
tinal tract and thus a favorable bioavailability, including in the
mucosal sites of the upper and lower respiratory tracts.

Delayed ST-246 treatment, starting on day 2 or 3 postchallenge
was still effective in rescuing mice from VACV-induced lethality,
in agreement with previous studies performed in a cowpox virus
challenge model (12). However, whole-body bioimaging allowed
us to investigate more closely the impact of delayed treatment
initiation. It was found that even though both groups of mice
survived (2-day or 3-day treatment delay), a significant difference
was observed in viral loads in all organs. Viral loads and pox de-
velopment were much less reduced in animals that started treat-
ment on day 3 compared to day 1 or 2. Moreover, a 4-day delay
resulted in no protection from lethality and morbidity.

We also evaluated the effect of low (suboptimal) dose of ST-
246 (30 mg/kg). Interestingly, a low dose of ST-246 administered
for no less than 5 days protected 100% of mice from lethality.
However, when the mean AUCs for 5 days were compared be-
tween the full dose and the suboptimal dose groups, a significant
difference was observed, suggesting that the suboptimal dose was
less efficient at inhibiting viral loads during the first week after
challenge. In terms of the effects of ST-246 on dissemination of the
virus to the skin, only the full (100 mg/kg) dose but not the sub-
optimal dose (30 mg/kg) of ST-246 completely prevented pox
lesions both during and after the discontinuation of ST-246 treat-
ment in mice that were treated for 5 days. Shorter treatments did
not prevent poxes. It is likely that high viral loads in the lungs and
skin could contribute to individual-to-individual transmission in
recipients of suboptimal dose of ST-246.

Altogether, these data suggested that to not only assure animal
survival but also to significantly reduce virus replication in key
organs and to prevent pox development, a full dose of ST-246
should be administered for no less than 5 days starting no later
than day 2 postchallenge. Suboptimal dose or further delay for 1
day may be protective from lethal challenge but is less effective in
reducing viral loads and in controlling dissemination of the virus
to the skin. It is expected that under a less optimal time course and
dose schedule, individuals will continue to be infectious even dur-
ing treatment and may succumb later due to virus reemergence.

Individuals with known contraindications for active vaccina-
tion against smallpox including immunodeficiency are estimated
to be close to 25% of the U.S. population (25). The therapeutic
window of ST-246 provides a feasible approach to protect such
individuals from vaccine related adverse reactions, including gen-
eralized vaccinia.

FIG 7 Ten thousand T cells or CD4� or CD8� T cells transferred into nude mice did not protect from lethality and from viral dissemination. Nude mice received
a sham transfer with PBS (black and gray circles) or with 104 T cells (open squares), CD4� T cells (open triangles), or CD8� T cells (open diamonds). All mice
were infected with 104 PFU of IHD-J-Luc 1 day after reconstitution and treated with vehicle (black circles) or with ST-246 (gray circles and open symbols) daily
for 7 days starting 24 h postinfection. Mice were observed for lethality (A) and were subjected to bioimaging daily to calculate mean fluxes � the SD in the nasal
cavity (B), lungs (C), spleen (D), and liver (E). Four mice per group were used in the experiment.
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Previous studies have shown that ST-246 significantly ex-
tended the survival of nude and SCID mice after lethal challenge
with vaccinia virus strain WR and that mice eventually succumbed
after therapy was stopped (13). In the present study, we used nude
mice that were reconstituted with T cells purified from naive
BALB/c mice in order to better mimic different patient groups
with various levels of T cell immune deficiencies. Using bioimag-
ing, we were able to demonstrate virus rebound in all organs of
nonreconstituted nude mice within 24 to 48 h after the last day of
treatment with ST-246. At the same time, in T cell-reconstituted

mice, no reduction in viral loads was observed compared to non-
reconstituted mice in the absence of ST-246, suggesting that rapid
expansion of the initial viral load in the absence of antiviral drug
did not allow sufficient time to elicit a protective immune re-
sponse in the pool of 10 million transferred naive T cells. In con-
trast, when ST-246 was administered daily for 7 days, the same
number of adoptively transferred T cells protected 100% of nude
mice from lethality and cleared viral loads in all organs after ST-
246 was stopped. Shorter treatments with ST-246 for 3 and 5 days
protected only a proportion of reconstituted nude mice. These

FIG 8 Nude mice reconstituted with 0.1 million of T cells or of CD4� or CD8� T cells were protected from rechallenge with IHD-J-Luc without the need for
additional ST-246 treatment. Nude mice were sham transferred with PBS (�) or received adoptive transfer with 0.1 million of T cells (�) or of CD4� (o) or
CD8� T cells (�) and were infected with 104 PFU IHD-J-Luc 1 day after reconstitution. Sham-transferred mice received vehicle (PBS/vehicle) and T cell
reconstituted mice received ST-246 for 7 days (Tc/ST-246, CD4� Tc/ST-246, and CD8� Tc/ST-246). On day 67 postinfection, all survived mice were rechal-
lenged with 104 PFU of IHD-J-Luc. Mice were imaged after primary infection up to day 62 at time points indicated on the x axis and then daily for 10 days after
rechallenge. Recorded fluxes were used to calculate mean fluxes � the SD in the nasal cavity (A), lungs (B), spleen (C), and liver (D). Vertical arrow indicates time
of rechallenge on day 67. Four mice per group were used in all groups. The experiment was performed twice with similar results.

TABLE 7 Mean AUC values in nude mice reconstituted with low numbers of T cells, infected with IHD-J-Luc VACV, and treated with ST-246 for 7
days

Adoptive
transfer/treatment

No. of
adoptively
transferred
cells

Mean AUC (log10 p/s � day) � 2�SEa

Nasal cavity Lungs Spleen Liver

D6 D12 D6 D12 D6 D12 D6 D12

PBS/vehicle 45.4 � 0.3 36.9 � 1.8 35.4 � 0.6 37.2 � 0.7
PBS/ST-246 39.0 � 0.5** 92.0 � 2.9 26.6 � 0.5** 64.9 � 1.7 23.9 � 1.8** 63.3 � 3.8 26.1 � 0.8** 67.0 � 2.3
Tc/ST-246 106 39.7 � 1.3** 78.7 � 3.6** 27.2 � 0.7** 55.9 � 1.2** 23.9 � 1.0** 49.4 � 2.0** 26.1 � 0.5** 54.7 � 1.7**
Tc/ST-246 105 39.5 � 2.9* 87.8 � 5.8 27.0 � 0.6** 59.8 � 2.0* 24.6 � 1.1** 57.4 � 4.2 26.5 � 1.4** 60.5 � 4.6*
CD4� Tc/ST-246 106 40.1 � 1.2** 85.9 � 3.2* 27.4 � 0.9** 58.0 � 1.7** 23.2 � 1.4** 49.9 � 2.9** 26.0 � 0.8** 55.0 � 1.5**
CD4� Tc/ST-246 105 39.7 � 2.5* 89.1 � 7.0 27.9 � 1.6** 60.3 � 5.2 25.3 � 2.2** 56.8 � 7.8 27.1 � 1.4** 60.6 � 6.4
CD8� Tc/ST-246 106 38.4 � 1.8** 78.2 � 5.4* 27.3 � 0.5** 56.4 � 0.5** 23.3 � 0.7** 48.7 � 1.0** 26.0 � 0.3** 54.6 � 1.2**
CD8� Tc/ST-246 105 40.4 � 1.2** 87.3 � 3.8 26.9 � 0.6** 57.5 � 2.1* 23.9 � 0.9** 52.2 � 1.4* 26.0 � 0.3** 57.0 � 0.1**

a The mean AUC values were calculated for fluxes in mice for days 1 to 6 (D6) and days 1 to 12 (D12) for groups where all of the mice survived during this time frame. For D6, the
significance is indicated between mean AUC in PBS/vehicle (boldface values) versus the PBS/ST-246 or Tc/ST-246 groups; for D12, significance is indicated between the PBS/ST-
246 (boldface values) and Tc/ST-246 groups. PBS/vehicle, 3 mice per group; CD4� Tc 106/ST-246, 5 mice/group, all other groups, 4 mice per group. *, P � 0.05; **, P � 0.001. p/s,
photons per second.
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data clearly showed that ST-246-mediated control of viral expan-
sion early after infection provided the required time frame for
maturation and expansion of virus-specific T cells. It also indi-
cated that the virus was not eliminated by the drug, but the low
viral loads were sufficient for antigen-driven T cell maturation
into effector cells.

Both humoral and cellular immune responses and CD4� and
CD8� T cells have been shown to play an important role in pro-
tection against poxviruses. Cellular immunity contributes to early
protection of naive mice from VACV infection, and antibodies
play a major role in protection from monkeypox infection in NHP
and against lethal challenge in mice (26, 27). In our experiments,
purified CD4� and CD8� T cells (ranging between 0.1 and 10
million) in combination with 7-day ST-246 treatment were simi-
larly effective in rescuing nude mice from lethality. Our data on
the role of CD8� T cells in protection from respiratory VACV are
in agreement with recent studies by Goulding et al. in RAG�/�

mice where the adoptive transfer of 5 million naive CD8� T cells
conferred protection from WR VACV respiratory infection (28).
In addition, we showed that nude mice were also protected by
adoptively transferred CD4� T cells in combination with ST-246
treatment, suggesting that transferred naive CD4� T cells may
help endogenous naive B cells that are preserved in nude but not in
RAG�/� mice to elicit protective antibodies and compensated for
the lack of CD8� T cells. Our data are in agreement with an earlier
report where protection from infection in normal mice was abro-
gated by depletion of CD4� T cells (29). Evaluation of VACV-
specific antibodies by use of a 	-galactosidase reporter gene assay
(30) showed that neutralizing antibodies were present on days 33
and 66 postinfection in 30 to 50% of mice reconstituted with T
cells, with neutralizing-antibody titers (50% inhibitory dose [ID50

values]) of 1:22 to 1:139 and in 30 to 100% of nude mice recon-
stituted with CD4� T cells (ID50, neutralizing antibody titers of
1:24 to 1:71). No VACV-neutralizing antibodies were detected in
the sera of mice reconstituted with CD8� T cells (data not shown).
Thus, our studies underscore the existence of multiple pathways
of protective immune responses against VACV and confirm pre-
vious conclusions on the mechanism of ST-246 that was shown to
be protective as long as a single T cell component is intact, whether
it is CD8� or CD4� (28).

The titration of T cells and of T cell subsets showed that 105 T
cells was the lowest number of adoptively transferred T cells that
protected nude mice in combination with ST-246 treatment. A
total of 2 � 105 to 3 � 105 T cells were detected in the spleens of
nude mice reconstituted with 104 or 105 T cells at 1 week postin-
fection, respectively (data not shown), thus confirming that the
lack of protection from lethality was not due to a failed transfer of
T cells. It is possible that a longer ST-246 treatment of nude mice
reconstituted with 104 T cells (or T cell subsets) could rescue them.
However, bioimaging of infected nude mice reconstituted with
104 T cells (Fig. 7) showed that the virus replication curves were
nearly identical between reconstituted and nonreconstituted mice
treated with ST-246, both during and after the termination of
treatment. These findings were significantly different from the
kinetics of virus replication in animals reconstituted with a 10-
fold-higher number of T cells (105) (Fig. 6). The frequency of
VACV-specific CD8� T cell precursors in naive B6.SJL mouse was
estimated to be 
1 in 1,500 (31). In our experiments, we used
BALB/c mice and, therefore, it cannot be ruled out that there are
strain-related differences in the frequency of VACV-specific naive

CD8� T cells. However, if the numbers of CD8� precursors are
similar between these two strains of mice, then it could be esti-
mated that there are about 22 and 66 naive CD8� T cell precursors
specific to VACV in the pools of 105 total T cells or CD8� T cells,
respectively. Thus, our data suggest that the failure of 104 T cells or
CD8� T cells to protect nude mice might be due to below-thresh-
old levels of VACV-specific CD8� precursors in the pool of 10,000
cells compared to the 100,000 cells that conferred protection.

The frequency of CD4� T cells specific to VACV in naive mice
is not well defined. Our data showed that when 105 CD4� T cells
were used for adoptive transfer, nude mice survived infection;
however, the recorded fluxes in these mice were higher, especially
in the spleen and liver, compared to mice reconstituted with 105

CD8� T cells (Fig. 6). These data suggest that antiviral responses
mounted by CD4� T cells were less efficient than by CD8� T cells
and/or that the threshold frequency of VACV-specific precursors
in naive BALB/c mice is lower for CD4� than for CD8� T cells.

A second challenge or reconstituted nude mice without ST-246
treatment resulted in complete protection. These findings sug-
gested the presence of long-term VACV-specific T cells that were
generated during primary infection and in the presence of ST-246
treatment. Therefore, it seems that an effective recall response
against VACV can provide complete protection with no need for
further antiviral therapies.

In summary, our study of the VACV dissemination in im-
mune-deficient mice using bioimaging confirmed that transient
treatment with ST-246 does not eliminate virus in these animals
and that virus rapidly rebounds in all organs once animals are
taken off the drug. However, most immune-deficient humans re-
tain some proportion of functional T cells. Under these circum-
stances, ST-246 can provide a strong shield for initially very few
virus-specific naive CD8� and CD4� T cell precursors that ex-
pand and eventually reach the required numbers of mature effec-
tor cells. Importantly, after reconstituted animals were taken off
the drug, no virus rebound was detected, suggesting that immune
responses generated under transient ST-246 therapy were capable
of clearing VACV from internal organs and prevented its dissem-
ination to the skin.
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