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ABSTRACT

Protection from lethality by postchallenge administration of brincidofovir (BCV, CMX001) was studied in normal and im-
mune-deficient (nude, nu/nu) BALB/c mice infected with vaccinia virus (VACV). Whole-body bioluminescence imaging
was used to record total fluxes in the nasal cavity, lungs, spleen, and liver and to enumerate pox lesions on tails of mice in-
fected via the intranasal route with 105 PFU of recombinant IHD-J-Luc VACV expressing luciferase. Areas under the flux
curve (AUCs) were calculated for individual mice to assess viral loads. A three-dose regimen of 20 mg/kg BCV adminis-
tered every 48 h starting either on day 1 or day 2 postchallenge protected 100% of mice. Initiating BCV treatment earlier
was more efficient in reducing viral loads and in providing protection from pox lesion development. All BCV-treated mice
that survived challenge were also protected from rechallenge with IHD-J-Luc or WRvFire VACV without additional treat-
ment. In immune-deficient mice, BCV protected animals from lethality and reduced viral loads while animals were on the
drug. Viral recrudescence occurred within 4 to 9 days, and mice succumbed �10 to 20 days after treatment termination.
Nude mice reconstituted with 105 T cells prior to challenge with 104 PFU of IHD-J-Luc and treated with BCV postchallenge
survived the infection, cleared the virus from all organs, and survived rechallenge with 105 PFU of IHD-J-Luc VACV with-
out additional BCV treatment. Together, these data suggest that BCV protects immunocompetent and partially T cell-re-
constituted immune-deficient mice from lethality, reduces viral dissemination in organs, prevents pox lesion development,
and permits generation of VACV-specific memory.

IMPORTANCE

Mass vaccination is the primary element of the public health response to a smallpox outbreak. In addition to vaccination, how-
ever, antiviral drugs are required for individuals with uncertain exposure status to smallpox or for whom vaccination is contra-
indicated. Whole-body bioluminescence imaging was used to study the effect of brincidofovir (BCV) in normal and immune-
deficient (nu/nu) mice infected with vaccinia virus, a model of smallpox. Postchallenge administration of 20 mg/kg BCV rescued
normal and immune-deficient mice partially reconstituted with T cells from lethality and significantly reduced viral loads in or-
gans. All BCV-treated mice that survived infection were protected from rechallenge without additional treatment. In immune-
deficient mice, BCV extended survival. The data show that BCV controls viral replication at the site of challenge and reduces vi-
ral dissemination to internal organs, thus providing a shield for the developing adaptive immunity that clears the host of virus
and builds virus-specific immunological memory.

Smallpox was eradicated following a global immunization pro-
gram using live vaccinia virus (VACV) vaccine implemented

by the World Health Organization (WHO). Routine smallpox
vaccination was subsequently discontinued due to a low but sig-
nificant risk of severe adverse reactions. As a result, the current
population has low or nonexistent immunity to smallpox, creat-
ing a serious public health concern should variola virus, the virus
that causes smallpox, be used as a biological weapon (1). Monkey-
pox virus (MPXV) is related to variola virus and can be transmit-
ted to humans. MPXV induces a disease in humans similar to
smallpox but with lower mortality (2). MPXV remains endemic in
parts of Africa and was accidentally imported to the United States,
where it caused a limited outbreak in 2003 (3, 4).

Protection from infection caused by variola virus or MPXV can
be achieved by immunization with smallpox vaccine, historically,
Dryvax in the United States. Dryvax, however, has a risk of causing
serious side effects in some vaccine recipients (e.g., eczema vacci-

natum, myocarditis, and progressive vaccinia) (reviewed in refer-
ences 5 and 6). More recently, a nonreplicating vaccine prepared
from a highly attenuated modified Ankara vaccinia virus (MVA),
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Imvamune, which has a lower risk of producing adverse reactions,
was acquired for the Strategic National Stockpile. Although mass
vaccination continues to be a key part of the public health re-
sponse to a smallpox outbreak, the need remains for smallpox
therapeutics that can be used in patients with uncertain exposure
status or for whom vaccination is contraindicated (7).

Currently, only intravenous vaccinia immunoglobulin (VIGIV;
Cangene Corporation), obtained from the plasma of healthy do-
nors previously vaccinated with Dryvax, is licensed for treatment
of complications following smallpox vaccination, and it has been
suggested that VIGIV might also be effective in unvaccinated per-
sons exposed to variola virus (8). However, no therapeutic is cur-
rently licensed by the Food and Drug Administration (FDA) for
the treatment of smallpox. A case report described an army recruit
diagnosed with acute mylogenous leukemia M0 (AML M0) fol-
lowing vaccination with the ACAM2000 smallpox vaccine that
resulted in life-threatening progressive vaccinia (9). The case
management demonstrated that even high doses of VIGIV (6 to
24,000 U/kg) together with the investigational antiviral drug teco-
virimat (ST-246) failed to ameliorate disease in an immune-defi-
cient patient. As a result, a second investigational antiviral drug,
brincidofovir (previously known as CMX001; see below), was
added to the regimen. The patient subsequently cleared the virus
and was discharged from the hospital. This case highlights the
need for safe, orally bioavailable antiviral drugs for postexposure
prophylaxis or treatment of poxvirus infections in addition to
vaccines.

The acyclic cytidine analogue cidofovir (CDV), licensed under
the name Vistide for the treatment of cytomegalovirus (CMV)
retinitis in AIDS patients, is protective in murine models of
VACV, cowpox virus, herpes simplex virus, and CMV (10–14). It
was also shown to protect monkeys from lethal infection with
MPXV (15). Inside cells, CDV is phosphorylated to cidofovir
diphosphate (CDV-PP), the active antiviral (16). CDV-PP has a
long intracellular half-life, but CDV has poor oral absorption that
necessitates administration by the intravenous route and is asso-
ciated with a high risk of severe nephrotoxicity (16, 17).

Alkoxyalkyl ester prodrugs of CDV have demonstrated greatly
increased potency against a wide range of double-stranded DNA
(dsDNA) viruses, including poxviruses, relative to CDV (18, 19).
Brincidofovir (BCV) is a lipid conjugate of CDV with improved in
vitro potency and oral bioavailability as well as decreased risk of
nephrotoxicity (20). Inside cells, brincidofovir is metabolized to
CDV and subsequently phosphorylated to CDV-PP. Brincidofo-
vir has potent broad-spectrum antiviral activity, including against
poxviruses in vitro, and was shown to provide protection from
lethality in several animal models, including mouse intranasal in-
fections with ectromelia virus, cowpox virus, and VACV and a
rabbit/rabbitpox virus intradermal challenge model (21–23). Be-
cause BCV’s mechanism of action involves inhibition of viral rep-
lication, its potential effect on the elicitation of protective immu-
nity by live smallpox vaccines is of interest. Coadministration of
BCV with smallpox vaccine (Dryvax or ACAM2000) reduced vac-
cine-associated lesion development but did not interfere with
vaccine-induced protection of mice from lethal infection with ec-
tromelia virus (24). However, whether BCV can protect immune-
deficient mice from VACV-induced lethality and whether BCV
has an effect on replication of the VACV at the site of infection
have not been investigated.

Previous publications including data from our laboratory have

shown that whole-body bioluminescence imaging (BLI) provides
an advantage over more traditional methods for assessing the ef-
fectiveness of vaccines and immunoglobulin-based treatments in
mouse models of respiratory challenge with VACV (25–29). In the
current study, we explored the effects of brincidofovir on protec-
tion of normal and immune-deficient mice from lethality follow-
ing intranasal challenge with IHD-J-Luc VACV. We assessed viral
loads at the site of challenge and internal organs by calculating the
area under the flux curve (AUC). Using this approach, we evalu-
ated survival and virus dissemination in mice treated with BCV
beginning 24 or 48 h postchallenge. In normal BALB/c mice and in
nude (nu/nu) mice reconstituted with limited numbers of T cells,
three doses of BCV beginning 24 h postchallenge conferred 100%
protection from lethality, significantly reduced viral loads in the up-
per respiratory tract and internal organs, prevented pox lesion devel-
opment, and protected immunocompetent animals from rechallenge
with VACV with no further treatment.

MATERIALS AND METHODS
Viruses. The thymidine kinase-positive (TK�) recombinant Interna-
tional Health Department J (IHD-J) VACV expressing the luciferase gene
(IHD-J-Luc) inserted at a truncated host range gene locus equivalent to
the cowpox gene, CPX077 (under the control of the synthetic E/L pro-
moter), was kindly provided by Clement Meseda (30). The TK� recom-
binant Western Reserve (WR) VACV expressing the luciferase reporter
gene under the control of a synthetic E/L promoter (WRvFire) was kindly
provided by Bernard Moss (NIAID, NIH) (31). WRvFire was propagated
in HeLa cells, and titers were determined in BSC-1 cells. Single stocks of
WRvFire and of IHD-J-Luc vaccinia viruses containing 1.0 � 108 and
3.9 � 109 PFU/ml, respectively, were used in the study. The numbers of
particles in sucrose gradient-purified viral stocks were determined by
transmission electron microscopy (TEM) and were 2.4 � 109 and 3.3 �
1010 particles/ml for WRvFire and IHD-J-Luc, respectively; thus both
stocks contained similar ratios of PFU/particles (20:1 and 10:1, respec-
tively).

Mice and protocols for in vivo treatments. Five-week-old female
BALB/c mice or 7- to 8-week-old female BALB/c nu/nu mice (National
Cancer Institute, Frederick, MD) were used in all experiments. Immedi-
ately prior to challenge, mice were anesthetized using 1.5%, vol/vol, Aver-
tin solution (2, 2, 2-tribromoethanol dissolved in tertiary amyl alcohol
and diluted in sterile phosphate-buffered saline [PBS] according to the
manufacturer’s instructions) at 20 �l per gram of body weight by intra-
peritoneal (i.p.) injection. Normal BALB/c mice were challenged with 105

PFU (two times the 50% lethal dose [LD50]) while nude mice were chal-
lenged with 104 PFU (2 LD50s) of IHD-J-Luc VACV via the intranasal
route (i.n.) in a 10-�l volume delivered in one nostril.

For postchallenge treatments, BCV at 20 mg/kg (or as specified in the
study) or vehicle was administered in 100-�l volumes via oral gavage
using 38.1-mm animal feeding needles (Cadence Science, Inc., Cranston,
RI) starting 24 h postchallenge or as specified in the study. Selection of the
20 mg/kg BCV dose for evaluation was based on the results of previous
studies conducted in the lab of Mark Buller at St. Louis University (21, 32;
also unpublished data) as well as unpublished studies conducted by Chi-
merix, Inc. The regimen of three doses every 48 h (q48h) was based on the
duration of disease in the model and the anticipated half-life of the active
antiviral metabolite, CDV-PP, in mice and in humans as well as on the
plasma pharmacokinetics of BCV in both mice and humans. Due to the
favorable metabolic and pharmacokinetic profile of BCV in humans, sys-
temic exposure (maximum concentration of drug in serum [Cmax] and
AUC) in mice given a dose of 20 mg/kg BCV is lower than that achieved in
humans at the doses currently proposed for treatment of smallpox and
under evaluation for treatment of other diseases caused by dsDNA vi-
ruses.

For adoptive transfer experiments, T cells were obtained from the
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spleens of normal female BALB/c mice at 6 to 8 weeks of age using a mouse
Pan-T Cell Isolation Kit II (Milenyi Biotec, Inc., Auburn, CA) according
to the manufacturer’s instructions. The T cells were 99% pure as verified
by flow cytometry. Purified T cells in 400-�l volumes in PBS were injected
into the tail vein of nude mice 24 h before challenge using a 1-ml insulin
syringe with a 28-gauge, 0.5-inch needle (Becton Dickinson). For the
sham adoptive transfer, mice were injected with 400 �l of PBS. Treatment
of mice and experimental procedures were approved by the Center for
Biologics Evaluation and Research (CBER) animal study review commit-
tee. Group sample sizes for each experiment are provided in figure leg-
ends.

In vivo measurements of luciferase activity. The details of whole-
body imaging using an IVIS (in vivo imaging system) 50 instrument
(PerkinElmer, Waltham, MA) were previously described (33). In brief, 10
to 15 min prior to imaging, mice received a single i.p. injection of 150 �g/g
of body weight of D-luciferin (PerkinElmer). Mice were anesthetized in an
oxygen-rich induction chamber with 2% isoflurane and imaged daily on
days 1 to 10 postchallenge or as specified in the study. Images were ana-
lyzed with Living Image, version 3.02, software (PerkinElmer) according
to the manufacturer’s instructions. A single region of interest (ROI) was
established for each organ and used throughout analysis to quantify the
amount of light emission in specific organs. The amount of light within
designated ROIs was quantified as photon fluxes with normalization for
the imaging area and exposure time (photons/s/cm2 or photons/s), as
recommended by the manufacturer. The background bioluminescence
was determined using images of D-luciferin-injected animals acquired 1
day prior to infection. Pox lesions were counted on mouse tails using
dorsal images, as previously described (34).

Statistical analysis. Kaplan-Meier survival curves of time to death
following infection were plotted using GraphPad Prism, version 5, soft-
ware and compared using a log rank (Mantel-Cox) test. In all tests, P
values of �0.05 were considered statistically significant. The area under
the flux curve (AUC; log10 photons/s � day) was calculated for each
mouse for the number of days specified in the study; 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-sample t tests to compare the number of pox lesions
between groups. All results were considered statistically significant at a P
value of �0.05 (two-tailed).

RESULTS
Effect of BCV dose and treatment start day postchallenge on
protection of BALB/c mice from lethal challenge with IHD-J-
Luc VACV. To determine the minimal dose of BCV that confers
protection of immunocompetent mice from lethal challenge with
VACV, BALB/c mice were infected with 105 PFU of IHD-J-Luc
VACV i.n. and were treated with either vehicle or BCV at doses of
2.5, 5, or 20 mg/kg on days 1, 3, and 5 postchallenge (Fig. 1A). All
mice that received vehicle succumbed by day 8 postchallenge (Fig.
1A). Administration of BCV at doses of 5 and 20 mg/kg protected
100% of mice, while a dose of 2.5 mg/kg BCV provided minimal
protection (16% survival) (Fig. 1A). To determine the effect of
delayed treatment initiation, mice received vehicle or 5 or 20
mg/kg BCV on days 2, 4, and 6 postchallenge (Fig. 1B). All vehicle-
treated mice succumbed by day 8, and all mice that received 20
mg/kg BCV on days 2, 4, and 6 survived (Fig. 1B). BCV at 5 mg/kg
on days 2, 4, and 6 provided partial protection (33% survival) (Fig.
1B). Further delay of 20 mg/kg BCV treatment initiation to day 3
resulted in loss of protection (data not shown). No significant
differences in the weights of mice that received BCV at 2.5, 5, or
20 mg/kg and that survived infection were observed (data not
shown).

Images of infected mice were acquired using an IVIS 50 instru-
ment, and means of total photon fluxes emitted by infected organs
in individual mice were calculated using Living Image software as
previously described (27). Mean total fluxes increased in all
groups of BCV-treated mice and reached a plateau on days 4 to 6
postchallenge, after which they gradually declined (Fig. 1C to J).
Bioluminescence returned to control levels by days 14 and 21 (na-
sal cavity) or by days 8 and 21 (all other organs) in mice that
received 20 mg/kg BCV on days 1, 3, and 5 or days 2, 4, and 6,
respectively. Viral clearance was slower in surviving mice that re-
ceived 2.5 or 5 mg/kg BCV than in mice given 20 mg/kg in both
experiments.

To gain further insight into the effect of BCV on viral loads in
surviving mice, we subjected acquired photon fluxes to biostatis-
tical analysis; a direct correlation between the acquired photon
fluxes per area per second and viral loads (PFU per gram of tissue)
was previously described (27, 29). Fluxes acquired between days 1
and 21 were used to calculate AUCs for the individual mice in the
groups where BCV conferred 100% protection from lethal chal-
lenge (Fig. 2). In mice that received BCV on days 1, 3, and 5, the
mean AUCs in all organs were significantly lower for the group
that received 20 mg/kg BCV than for mice given 5 mg/kg BCV
(Fig. 2A). Similarly, mean AUCs were significantly lower in all
organs in mice that received 20 mg/kg BCV on days 1, 3, and 5
than in those that received 20 mg/kg BCV on days 2, 4, and 6
(Fig. 2B).

Dorsal images of the same mice were used to monitor pox
lesion development (Table 1). No pox lesions were detected dur-
ing the first 2 days postchallenge (data not shown). In vehicle-
treated mice, the maximal numbers of pox lesions were observed
on days 5 and 6 postchallenge. BCV treatment initiated on day 1
either prevented (20 mg/kg) or significantly reduced (5 mg/kg)
pox lesion development on days 5 and 6 compared with results in
vehicle-treated mice (Table 1). In mice that received 2.5 mg/kg
BCV from day 1, pox lesions were significantly reduced on day 5
only and were present at low numbers in surviving animals until
day 21, the scheduled termination of the study. BCV treatments
started on day 2 either significantly reduced (20 mg/kg) or did not
affect (5 mg/kg) pox lesion development (Table 1). These data
demonstrate that early initiation of treatment (24 h postchal-
lenge) with BCV using an optimal dose of 20 mg/kg provided the
most effective protection from lethality, reduced virus replication
in multiple organs, including the site of infection, and prevented
pox lesion formation. Lower doses and/or delayed initiation of
treatment (48 h postchallenge) was less effective in controlling
virus replication/dissemination and pox lesion formation, includ-
ing in animals that survived the challenge.

BCV-treated mice that survived challenge with IHD-J-Luc
VACV also survived rechallenge with IHD-J-Luc or with
WRvFire VACV. To determine whether the VACV-specific im-
mune response developed during the primary infection under the
protection of BCV treatment was sufficient to protect mice from
rechallenge with VACV, new groups of BALB/c mice were infected
with IHD-J-Luc VACV and treated with vehicle or 20 mg/kg BCV
on days 1, 3, and 5. An additional group of animals was left unin-
fected and was treated with 20 mg/kg BCV on days 1, 3, and 5. All
mice were subjected to bioimaging for 40 days. All infected and
vehicle-treated mice [IHDJ(V)] succumbed by day 7, while all
BCV-treated uninfected mice [BCV/IHDJ and BCV/WRvFire]
and BCV-treated infected mice [IHDJ(BCV)/IHDJ and IHD-
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J(BCV)/WRvFire] survived (Fig. 3A). After the challenge, total
fluxes in BCV-treated infected animals [IHDJ(BCV)/IHDJ and
IHDJ(BCV)/WRvFire] were lower than those in the vehicle-
treated animals and were further decreased to baseline by day 21 in
the nasal cavity and by day 8 in the lungs, spleen, and liver, after
which no increase in bioluminescence was detected in any organs
of BCV-treated infected mice through day 40 (Fig. 3B, C, D, and
E). In uninfected BCV-treated mice, no bioluminescence was de-
tected above background between days 1 and 40 (data not shown).

After bioluminescence was reduced to background levels in all
organs of BCV-treated infected mice, all mice (including the
group of BCV-treated uninfected mice) were rechallenged with
105 PFU of IHD-J-Luc or WRvFire VACV on day 41. As expected,
after infection with either IHD-J-Luc or WRvFire VACV on day
41, all control mice that were initially treated with BCV in the
absence of the primary infection succumbed on day 49 (Fig. 3A).
In contrast, all mice that were infected with IHD-J-Luc in the
primary challenge and treated with BCV on days 1, 3, and 5 sur-

vived rechallenge with either IHD-J-Luc or WRvFire VACV on
day 41 without further BCV treatment (Fig. 3A). The BCV-treated
uninfected control mice demonstrated rapid increases in fluxes in
all organs after the day 41 challenge (Fig. 3B to E, BCV/IHDJ and
BCV/WRvFire). In contrast, no bioluminescence signals were re-
corded after IHD-J-Luc or WRvFire VACV rechallenge in mice
that were initially infected with IHD-J-Luc VACV and treated
with BCV. Similar results were observed in BALB/c mice rechal-
lenged with WRvFire or with IHD-J-Luc VACV following initial
infection with WRvFire VACV and treatment with three doses of
20 mg/kg BCV (data not shown).

Vaccinia virus-induced pox lesions were scored on tails of the
mice used in this experiment (Table 2). The uninfected animals
that were treated with 20 mg/kg BCV on days 1, 3, and 5 developed
pox lesions following challenge with IHD-J-Luc or WRvFire
VACV on day 41, as expected. In contrast, all mice that had pri-
mary infection on day 0 and were treated with BCV on days 1, 3,
and 5 did not exhibit any pox lesions after rechallenge with IHD-

FIG 1 The effect of BCV initiated 24 or 48 h postchallenge with IHD-J-Luc VACV on mortality and viral load in various tissues in BALB/c mice. BALB/c mice
were infected with IHD-J-Luc VACV at 105 PFU i.n. Mice received vehicle or 2.5 mg/kg, 5 mg/kg, or 20 mg/kg BCV on days 1, 3, and 5 (A and C to F) or 5 mg/kg
or 20 mg/kg BCV on days 2, 4, and 6 postinfection (B and G to J). Mice were observed for survival (A and B) and were subjected to daily whole-body bioimaging
(C to F and G to J). Total fluxes in the nasal cavity, lungs, spleen, and liver, as indicated, in individual mice were determined and used to calculate mean total flux �
SD using a t test and data from three to four independent experiments. Mean background levels of fluxes (photons/s) � SD were recorded in BALB/c mice prior
to infection: nasal cavity, 23.0 � 103 � 4.2 � 103; lungs, 40.3 � 103 � 9.3 � 103; spleen, 24.0 � 103 � 2.1 � 103; liver, 37.2 � 103 � 1.9 � 103. Values are
represented as dotted horizontal lines (means only) in panels C to J. Data were combined from four and three experiments for treatment on days 1, 3, and 5 and
for treatment on days 2, 4, and 6, respectively. Treatments on days 1, 3, and 5 were as follows: vehicle, 23 animals per group; BCV 20 mg/kg, 21 animals per group;
BCV 2.5 and 5 mg/kg, 6 animals/group. Treatments on day 2, 4, 6 were as follows: vehicle, 17 animals per group; BCV 20 mg/kg, 12 animals per group; 5 mg/kg
of BCV, 6 animals per group. All BCV treatment groups demonstrated a significant increase in median survival time compared to that of vehicle-treated mice
(P � 0.0001).
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J-Luc or with WRvFire VACV on day 41. Similar results were
observed in mice that were infected with WRvFire on day 0 and
treated with BCV and rechallenged with WRvFire or with IHD-J-
Luc VACV on day 41 (data not shown).

These data showed that in normal BALB/c mice, primary in-
fection with VACV followed by three doses of orally administered
BCV protected animals from lethality, cleared the virus from in-
ternal organs, and allowed the generation of an immune response
that provided complete protection against subsequent rechallenge
with two different VACV strains.

BCV treatment extended survival in immune-deficient
BALB/c nu/nu mice following lethal challenge with IHD-J-Luc
VACV. Individuals with severe immune deficiency are highly sen-
sitive to smallpox infection and to complications following small-
pox vaccination. Therefore, we evaluated the activity of BCV in
athymic nude mice that lack all T cells as a model of poxvirus
infection in patients with severe immune deficiency. BALB/c
nu/nu mice were infected with 104 PFU of IHD-J-Luc VACV on
day 0 and treated with vehicle or 20 mg/kg BCV on days 1, 3, and
5 or on days 1, 3, 5, 7, 10, 14, 17, 21, and 24 postchallenge (Fig. 4A
to F). All vehicle-treated nude mice lost weight between days 3 and

8 and succumbed to infection by day 8 (Fig. 4A and B). Mice
treated with BCV on days 1, 3, and 5 maintained their weights
initially but started to lose weight beginning on day 9 and suc-
cumbed between days 24 and 29 postchallenge, indicating the du-
rability of response to treatment with BCV (Fig. 4A and B). Ani-
mals that received extended BCV treatment (last treatment on day
24) started to lose weight after day 30, and all succumbed by day 48
(Fig. 4A and B). Importantly, both short and extended treatment
with BCV significantly increased median survival time compared
with results in vehicle-treated mice (P � 0.0025 and P � 0.0091,
respectively) (Fig. 4A). Bioluminescence signals in the organs of
mice that received vehicle on days 1, 3, and 5 increased 3 to 4 logs
in the nasal cavity, lungs, spleen, and liver between day 1 and days
4 to 6 postchallenge (Fig. 4C to F). In contrast, nude mice that
were treated with 20 mg/kg BCV on days 1, 3, and 5 exhibited
dramatic reductions in bioluminescence in the lungs, spleen, and
liver and a modest reduction in the nasal cavity compared with
vehicle-treated mice. BCV continued to control viral loads up to
day 10 postinfection in these organs after treatment was stopped.
After day 14, viral loads increased and reached levels comparable
to those of the vehicle-treated mice by day 21 (Fig. 4C to F). In the

FIG 2 Statistical analyses of the areas under the flux curve (AUC) generated based on bioimaging of IHD-J-Luc VACV-infected mice that survived infection
following treatment with BCV (Fig. 1). AUCs were calculated for fluxes acquired from individual mice between days 1 and 21 postchallenge for mice that were
treated with BCV at doses of 5 mg/kg or 20 mg/kg on days 1, 3, 5 (A) or with 20 mg/kg of BCVs on day 2, 4, and 6 (B). Mean AUCs � SD were compared between
mice that received BCV at 5 versus 20 mg/kg on days 1, 3, and 5 (A) and between mice that received 20 mg/kg BCV on days 1, 3, and 5 versus days 2, 4, and 6 (B)
using a t test (**, P � 0.001). D, day.

TABLE 1 Pox lesion counts in mice that were infected with IHD-J-Luc VACV and treated with BCV

Treatment regimen Survival (%)

Pox lesion count by day postinfection (mean � SD)a

3 4 5 6 7 8 9 10 14 21

Days 1, 3, and 5
Vehicle 0 1.4 � 1.6 4.0 � 2.8 6.2 � 2.6 6.7 � 2.2 NA NA NA NA NA NA
BCV

2.5 mg/kg 17 0.2 � 0.4 1.7 � 1.2 2.7 � 1.4** 5.2 � 2.5 4.2 � 2.1 5.3 � 2.3 2.8 � 2.7 1.6 � 1.3 1.0 0.0
5 mg/kg 100 0.7 � 0.8 2.2 � 2.4 3.7 � 2.3* 4.2 � 2.3* 5.0 � 4.2 3.3 � 2.6 3.0 � 2.6 2.5 � 2.4 0.5 � 1.2 0 � 0
20 mg/kg 100 0 � 0 0 � 0* 0 � 0** 0 � 0** 0 � 0 0 � 0 0 � 0 0 � 0 0 � 0 0 � 0

Days 2, 4, and 6
Vehicle 0 1.2 � 0.7 5.5 � 2.2 7.5 � 2.5 7.5 � 1.1 NA NA NA NA NA NA
BCV

5 mg/kg 33 3.7 � 2.0 6.8 � 2.5 8.7 � 1.9 9.2 � 0.9 8.8 � 3.7 6.0 � 3.2 5.3 � 4.6 2.5 � 1.8 0 � 0 0 � 0
20 mg/kg 100 2.3 � 0.9 2.7 � 1.2* 4.8 � 0.7* 4.8 � 1.3** 2.2 � 1.1 1.5 � 0.5 1.7 � 1.4 0.2 � 0.4 0.2 � 0.4 0 � 0

a Mice were infected at day 0. Pox lesions on mouse tails were counted using dorsal images of individual mice and were used to calculate average pox numbers � SD per surviving
animal on each day shown. Asterisks denote significant differences between vehicle- and BCV-treated groups of mice in mean daily pox counts. *, P � 0.05; **, P � 0.001. NA, not
applicable.
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extended treatment group, bioluminescence signals remained low
in all organs for the duration of treatment and started to go up
after day 28 postinfection with the same kinetics seen in the ani-
mals that received a short course of treatment (Fig. 4C to F).

To determine whether the BCV short course or extended
treatment significantly reduced viral loads in nude mice, AUCs
were calculated for individual mice that received vehicle or
three doses or nine doses of BCV (Table 3). Mean AUCs were
significantly lower in mice that received BCV on days 1, 3, and

5 than in vehicle-treated mice for lungs, liver, and spleens but
not the nasal cavity between days 1 and 6, while all mice were
alive in both groups (Table 3). We also compared the AUCs of
mice that received the extended treatment course of BCV with
those that received the three-dose treatment. Mean AUCs were
significantly lower in mice that received extended BCV treat-
ment in all organs than in mice that received the three-dose
treatment course of BCV between days 1 and 21 while all mice
were alive in both groups.

FIG 3 IHD-J VACV-infected BALB/c mice treated with BCV were protected from rechallenge with IHD-J and WRvFire VACV. BALB/c mice were infected with
IHD-J-Luc VACV as described in the legend of Fig. 1 and treated with vehicle (filled circles) or 20 mg/kg BCV (filled triangles and squares) on days 1, 3, and 5. Control
mice were left uninfected and were treated with BCV at 20 mg/kg on days 1, 3, and 5 (open triangles and squares). Mice were observed for mortality (A) and imaged daily
for 10 days and on days 14, 21, and 40 postchallenge (B to E). On day 41, surviving mice were infected with 105 PFU of IHD-J-Luc (triangles) or with 105 PFU of WRvFire
(squares) and were imaged on days 42 to 48. All mice were observed for mortality until day 62 (A), at which time the experiment was terminated. Total fluxes in the nasal
cavity, lungs, spleen, and liver were determined and used to calculate mean total fluxes � SD. Arrows in panels indicate day 41 when mice were rechallenged. Dotted
horizontal lines in panels B to E depict mean background levels of fluxes (photons/s) � SD that were recorded in mice prior to infection. Five mice per group were used
in the experiment. BCV treatment of IHD-J-Luc-infected mice significantly increased the median survival time compared with infected vehicle-treated mice or with
BCV-treated not infected mice (P � 0.0027 and P � 0.0035, respectively). The experiment was performed twice with similar results.
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These data demonstrated that a short or extended course of
BCV treatment did not rescue nude mice from lethality but pro-
longed survival of the animals for approximately 10 to 20 days
after treatment termination for both short (three doses) and ex-
tended (nine doses) regimens. While on treatment, mice showed
significant reduction in viral loads (AUCs) in internal organs
compared with vehicle-treated mice. Viral loads in the lungs, liver,
and spleen remained at low levels for an additional 4 to 9 days after
treatment termination. Thus, efficient control of virus dissemina-
tion to internal organs was afforded by BCV, even in the absence
of adaptive immunity, and provided a survival advantage in the
immune-deficient animal model.

Nude mice reconstituted with low numbers of T cells and
treated with BCV generate VACV-specific immunological mem-
ory. Since the majority of immunocompromised individuals re-
tain some functional T cells and since in some individuals im-

mune deficiency status may be a result of temporary treatment
with immune-modulating therapies, we modeled less severe im-
munocompromised conditions by partially reconstituting nu/nu
mice with T cells from normal mice as previously described (29).
BALB/c nu/nu mice received an adoptive transfer with 104, 105, or
106 T cells (104 Tc, 105 Tc, or 106 Tc, respectively) isolated from
the spleens of normal BALB/c mice, or mice were sham reconsti-
tuted with PBS (Fig. 5A). At 1 day postreconstitution, all mice
were infected with 104 PFU of IHD-J-Luc VACV and received
either no treatment or treatment with vehicle or BCV (20 mg/kg)
on days 1, 3, and 5 postchallenge. Mice were observed for mortal-
ity and subjected to BLI daily for the first 10 days and then twice
weekly or as specified on Fig. 5 for the duration of the experiment.
All mice that were sham reconstituted and treated with vehicle or
were reconstituted with 106 T cells without any treatment (106

T/NC) succumbed by day 8 (Fig. 5A). All sham-reconstituted

TABLE 2 Pox lesion counts in mice that were infected with IHD-J-Luc VACV, treated with BCV, and rechallenged with IHD-J-Luc or with
WRvFire on day 41

Treatmenta Survival (%)

Pox lesion count by day postinfection (mean � SD)b

3 4 5 6 7 42 44 45 46 49 51

IHDJ(V) 0 2 � 1.9 3.8 � 1.6 4.2 � 1.9 5.2 � 1.9 NA NA NA NA NA NA NA
IHDJ(BCV)/IHDJ 100 0 � 0* 0 � 0** 0 � 0* 0 � 0** 0 � 0 0 � 0 0 � 0 0 � 0 0 � 0† 0 � 0† 0 � 0
IHDJ(BCV)/WRvFire 100 0 � 0 0 � 0* 0 � 0* 0 � 0* 0 � 0 0 � 0 0 � 0 0 � 0 0 � 0† 0 � 0† 0 � 0
BCV/IHDJ 0 NA NA NA NA NA 0 � 0 0 � 0 1.2 � 1.3 3.4 � 2.9 4.4 � 2.7 NA
BCV/WRvFire 0 NA NA NA NA NA 0 � 0 0 � 0 1.6 � 2.1 2.2 � 1.8 1.4 � 1.1 NA
a IHDJ(V), IHDJ-infected and vehicle-treated group; IHDJ(BCV)/IHDJ, IHDJ-infected and BCV-treated group rechallenged with IHDJ; IHDJ(BCV)/WRvFire, IHDJ-infected and
BCV-treated group rechallenged with WRvFire; BCV/IHDJ, BCV-treated and IHDJ-infected group; BCV/WRvFire, BCV-treated and WRvFire-infected group.
b Pox lesions on mouse tails were counted using dorsal images of individual mice and were used to calculate average pox numbers � SD per surviving animal on each day shown.
Significant differences in mean daily pox counts between groups of mice that received BCV or vehicle on days 1, 3, and 5 following primary infection on day 0 for IHDJ(BCV)/IHDJ
and IHDJ(BCV)/WRvFire versus IHDJ(V) are indicated as follows: *, P � 0.05; **, P � 0.001. Significant differences between groups of mice that were infected with IHD-J-Luc and
treated with BCV on days 1, 3, and 5 and rechallenged with IHD-J-Luc or WRvFire on day 42 versus mice that were treated with BCV on days 1, 3, and 5 and challenged with IHD-
J-Luc or WRvFire on day 42, respectively, for IHDJ(BCV)/IHDJ versus BCV/IHDJ and IHDJ(BCV)/WRvFire versus BCV/WRvFire are also indicated (†, P � 0.05). NA, not
applicable.

FIG 4 Treatment with BCV extended survival of nude mice following lethal challenge with IHD-J-Luc VACV. BALB/c nu/nu mice were infected with 104 PFU
of IHD-J-Luc VACV and treated with vehicle or 20 mg/kg BCV on days 1, 3, and 5 or on days 1, 3, 5, 7, 10, 14, 17, 21, and 24, as indicated. Mice were observed
for mortality (A) and weight loss (B) and were imaged daily for the first 10 days and then twice weekly for 45 days to calculate mean fluxes � SD in the nasal cavity,
lungs, spleen, and liver. Mean background levels of fluxes (photons/s) � SD were recorded in nude mice prior to infection: nasal cavity, 23.3 � 103 � 4.5 � 103;
lungs, 36.3 � 103 � 11.6 � 103; spleen, 10.9 � 103 � 2.5 � 103; liver, 30.2 � 103 � 2.1 � 103. Values are represented as dotted horizontal lines (means only) in
panels C to F. Four mice per group were used in the experiment. Short and extended treatment with BCV significantly increased median survival time compared
with vehicle-treated mice (P � 0.0025 and P � 0.0091, respectively). The experiment was performed twice with similar results.
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mice that received BCV on days 1, 3, and 5 succumbed between
days 25 and 30, consistent with the previous study. In contrast, an
adoptive transfer of T cells followed by challenge and BCV treat-
ment conferred 100% survival in mice that received 105 T cells and
57% survival in nude mice that received 104 T cells (Fig. 5A). The
differences in the median survival times were not statistically sig-
nificant between mice that received an adoptive transfer with 104

or 105 T cells (P � 0.1514) (Fig. 5).
There were no differences in bioluminescence signals in all

four organs between sham-reconstituted/vehicle-treated mice
and mice that were reconstituted with 106 T cells without any
treatment, and the kinetics of mortality in these groups were sim-
ilar. In nonreconstituted mice that were treated with 20 mg/kg
BCV, viral replication was controlled in the lungs, liver, and spleen
until day 11 and increased thereafter (Fig. 5C to F). In contrast,
animals that were reconstituted with 105 T cells and treated with
20 mg/kg BCV after challenge started to clear the virus between
days 8 and 11 in the lungs, spleen, liver, and nasal cavity (Fig. 5C to
F). In surviving animals that received 104 T cells prior to challenge
and treatment with 20 mg/kg BCV, the kinetics of viral clearance
was slower than that in animals that received 105 T cells. However,
even in this group bioluminescence signals were reduced to back-
ground levels by day 55 in surviving animals (Fig. 5C to F).

We next evaluated whether partially reconstituted nude mice
that survived the IHD-J-Luc VACV challenge after a short course
of BCV treatment (days 1, 3, and 5) also developed vaccinia-spe-
cific protective immunity, as was observed in normal BALB/c mice
(Fig. 3). To that end, all T cell-reconstituted mice that cleared the
first infection (all 4 mice that received an adoptive transfer with
105 T cells and 4/7 mice that received an adoptive transfer with 104

T cells prior to challenge) were rechallenged on day 55 with a
higher dose (105 PFU) of IHD-J-Luc VACV, which is lethal in
immunocompetent mice. In addition, a separate control group of
age-matched nude mice (n � 2) that was not infected during the
primary infection was infected with 105 PFU of IHD-J-Luc VACV
(rechallenge control) (Fig. 5B). As expected, the rechallenge con-
trol nude mice succumbed 10 days after challenge (Fig. 5B). In
contrast, all mice that received an adoptive T cell transfer and

survived the primary infection also survived the rechallenge with
105 PFU of IHD-J-Luc VACV on day 55 without any weight loss
(Fig. 5B and data not shown). A moderate increase in biolumines-
cence signals was observed in the nasal cavity only on days 2 to 3
postrechallenge, which subsequently decreased to background
levels on day 65 in mice that received either 104 or 105 T cells (Fig.
5C). Importantly, in the lungs, spleen, and liver, no major increase
in bioluminescence after the day 55 rechallenge was observed (Fig.
5D to F).

For statistical analyses, the AUCs for fluxes in individual mice
were calculated for groups of mice when all mice in these groups
were alive, as follows: days 1 to 6 for all groups, days 1 to 22 for
BCV-treated mice only, days 1 to 29 for T cell-reconstituted and
BCV-treated mice only, days 56 to 60 for T cell-reconstituted mice
treated with BCV and rechallenge control, and days 56 to 81 for T
cell-reconstituted rechallenged mice. Values were then used to
calculate mean AUCs � standard deviations (SD) (Table 4). A
transfer of 106 T cells alone did not significantly reduce the mean
AUC compared with that of vehicle-treated mice. In contrast,
BCV treatment with or without 104 or 105 T cells significantly
reduced mean AUCs compared with those of vehicle-treated mice
on day 6. At this time point, there were no significant differences
between mice that received BCV with or without T cells (data not
shown), suggesting that early after infection BCV played the major
role in reducing viral replication. By day 22 a significant reduction
in mean AUCs in the nasal cavity was observed in T cell-reconsti-
tuted compared with nonreconstituted BCV-treated mice and
also in the spleens and livers of BCV-treated nude mice reconsti-
tuted with 105 but not 104 T cells. In the lungs, mean AUCs be-
tween BCV-treated T cell-reconstituted and BCV-treated nonre-
constituted mice were not significantly different due to large
variability in bioluminescence signals between animals in this or-
gan. By day 29, all mice that were reconstituted with 104 or with
105 T cells and treated with BCV were alive, and at this time point,
mean AUCs in all organs except for lungs were significantly lower
in mice that were reconstituted with 105 T cells than in those who
received 104 T cells. After rechallenge with 105 PFU of IHD-J-Luc
VACV, mean AUCs were significantly lower in all four organs of T
cell-reconstituted and BCV-treated mice than in control infected
and untreated mice between days 56 and 60. In addition, there
were no differences in mean AUCs in all four organs between mice
reconstituted with 105 or 104 T cells after rechallenge between days
56 and 81 (end of observation period).

The comparison of mean AUCs between groups of reconsti-
tuted mice suggested that reconstitution with 105 T cells was
more efficient than 104 T cells in curtailing viral replication in
BCV-treated mice after primary infection. However, memory
response in mice that survived the primary infection was sim-
ilarly effective in controlling viral dissemination following re-
challenge in mice that initially were reconstituted with either
105 or with 104 T cells.

Dorsal images of the same mice were used to monitor pox
lesion development. No poxes were observed in mice on days 1
to 3 postchallenge (data not shown). As expected, T cells alone
did not significantly reduce pox numbers compared with re-
sults in sham-reconstituted mice (Table 5). In contrast, BCV
treatment, regardless of whether mice were sham reconstituted
or reconstituted with T cells, significantly reduced pox lesions
on days 4 and 6 postchallenge compared with vehicle. In all
BCV-treated groups, irrespective of T cell reconstitution, the

TABLE 3 AUCs for nude mice infected with IHD-J-Luc VACV and
treated with a short or extended course of 20 mg/kg BCV

Organ

Mean AUC by day and regimen (log10 photons/s � day)a

Day 6 Day 21

Vehicle
BCV short
courseb

BCV short
course

BCV
extended
coursec

Nasal cavity 42.3 � 1.4 41.4 � 1.1 174.3 � 1.6 162.1 � 3.5*
Lungs 32.2 � 1 27.3 � 1.5† 120.0 � 3.4 104.2 � 1.8**

Liver 36.4 � 2.3 27.8 � 2.5† 115.2 � 3.0 99.8 � 1.8**

Spleen 35.2 � 2.7 26.2 � 3.1† 109.8 � 2.0 92.0 � 4.3*
a Mean AUCs (log10 photons/s � day) � SD were calculated for fluxes in mice for days
1 to 6 for the vehicle-treated group and the BCV short course group and for days 1 to
21 for the BCV short course and extended course. Significant differences in mean AUCs
between the groups receiving vehicle and the short course of BCV treatment are
indicated as follows: †, P � 0.001. Significant differences in mean AUCs between the
groups receiving the short course and extended course of BCV treatment are indicated
as follows *, P � 0.05; **, P � 0.001. Significance was determined with a two-sample t
test.
b Treatment on days 1, 3, and 5.
c Treatment on days 1, 3, 5, 7, 10, 14, 17, 21, and 24.

Zaitseva et al.

3302 jvi.asm.org March 2015 Volume 89 Number 6Journal of Virology

http://jvi.asm.org


numbers of poxes did not differ significantly between days 4
and 11 (data not shown). Starting from day 19, no pox lesions
were scored in mice that were reconstituted with 105 T cells
prior to the first challenge/BCV treatment. Importantly, the
same mice did not develop any pox lesions after rechallenge on
day 55, and minimal numbers of lesions were observed in mice
that were reconstituted with 104 T cells before the first chal-
lenge. At the end of the observation period on day 81, all sur-
viving mice were pox lesion free.

Together, the data demonstrate that partial reconstitution
of nude mice 1 day prior to lethal challenge with VACV, in
combination with BCV treatment postchallenge, protected an-
imals from lethality and significantly reduced viral loads, as
measured by bioimaging in multiple organs. In addition, T

cell-reconstituted mice developed strong adaptive immune re-
sponses that protected them from subsequent high-dose re-
challenge with no requirement for additional antiviral treat-
ment.

DISCUSSION

BCV (brincidofovir) is an orally bioavailable lipid conjugate of
cidofovir with in vitro broad-spectrum activity and an improved
safety profile, most notably a reduced risk of nephrotoxicity. In
this study, we used normal BALB/c mice, athymic nude BALB/c
mice, and nude mice partially reconstituted with T cells from nor-
mal BALB/c mice to assess the effects of postchallenge BCV ad-
ministration on protection of mice from lethal infection with
IHD-J-Luc VACV. Infected mice were subjected to biolumines-

FIG 5 Transfer of T cells from normal BALB/c mice to nude animals infected with IHD-J-Luc VACV and treated with BCV resulted in virus clearance and
protection from a second high-dose challenge. Nude mice received an adoptive transfer with 104 or 105 T cells or were sham transferred with PBS. All mice were
infected with 104 PFU of IHD-J-Luc VACV on day 0 and were treated with vehicle (PBS/vehicle) or 20 mg/kg BCV on days 1, 3, and 5 (purple circles, blue squares,
and green triangles); control mice received an adoptive transfer with 106 T cells, were infected with 104 PFU of IHD-J-Luc VACV, and were left untreated (106

Tc/NT) (A and C to F). Mice were observed for mortality (A) and imaged as shown (C to F). On day 55, all mice that survived the initial infection (mice that
received an adoptive transfer of 104 or 105 T cells followed by treatment with 20 mg/kg BCV on days 1, 3, and 5) and a control group of naive nude mice
(Rechallenge control) were infected with 105 PFU of IHD-J-Luc VACV (B and C to F). Total fluxes in the nasal cavity, lungs, liver, and spleen were determined
and used to calculate mean total fluxes � SD. Mortality curves in panels A and B show survival of mice between day 0 and day 55 and between days 55 and 81,
respectively. Fluxes in C, D, E, and F show bioluminescence recorded in all mice used in the experiment between days 0 and 81. Dotted vertical and horizontal
lines in panels C to F show day of rechallenge (D55) and mean background levels of fluxes (photons/s) as described in the legend to Fig. 4, respectively. Groups
were as follows: PBS/Vehicle, 5 mice; PBS/BCV, 3 mice per group; 104 Tc/BCV, 7 mice per group; 105 Tc/BCV, 4 mice per group; 106 Tc, 2 mice per group;
rechallenge control mice (mice that were not infected during primary infection), 2 mice per group. The PBS/BCV treatment group demonstrated a significant
increase in median survival time compared to that of PBS/vehicle group (P � 0.0082). Transfer of 104 or of 105 T cells prior to challenge significantly increased
median survival time in BCV-treated mice compared with the PBS/BCV treatment group (P � 0.0008 and P � 0.01, respectively); there were no significant
increases in median survival times between mice that received 104 or 105 T cells prior to challenge (P � 0.1514). Following rechallenge, median survival time was
significantly higher in T cell-reconstituted mice treated with BCV that survived primary infection than in rechallenge control mice (P � 0.0177). The experiment
was performed twice with similar results.
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cence imaging (BLI), and the efficacy of BCV was determined by
comparing AUCs calculated from daily fluxes acquired from in-
dividual mice. The main results of the study were as follows: (i) 3
days of treatment every 48 h with 20 mg/kg BCV starting 1 day
postchallenge protected 100% of normal BALB/c mice from le-
thality, significantly reduced viral loads (mean AUCs) in the
spleen, liver, lungs, and nasal cavity, and prevented pox lesion
development; (ii) BALB/c mice that were infected and treated with
BCV and that survived challenge were also protected from lethal-
ity following rechallenge with IHD-J-Luc or with WRvFire VACV
on day 55; (iii) following rechallenge, bioluminescence in internal
organs was at background levels, suggesting that a strong VACV-
specific immune response was developed in mice following pri-
mary infection and treatment with BCV; (iv) 20 mg/kg BCV ad-
ministered either three or nine times postchallenge prolonged
survival of nude mice up to 19 days after treatment termination;
(v) viral loads were significantly reduced in the lungs, spleens, and
livers of BCV-treated nude mice up to 7 days after treatment ter-
mination; (vi) partial reconstitution with T cells 1 day before chal-

lenge, followed by BCV treatment on days 1, 3, and 5, protected
nude mice from lethality, significantly reduced viral loads in in-
ternal organs, and prevented the development of pox lesions; and
(vii) importantly, T cell-reconstituted and BCV-treated nude
mice that survived primary infection also survived a subsequent
IHD-J-Luc rechallenge with a 10-times-larger viral inoculum on
day 41 without additional BCV treatment.

Several previous studies demonstrated the efficacy of BCV
against lethal orthopoxvirus infection in animal models of small-
pox. In rabbits, a single dose of 20 mg/kg BCV administered up to
4 days postchallenge rescued animals from lethality after intrad-
ermal infection with rabbitpox virus, with additional doses pro-
viding added therapeutic benefit (23). In mice, five daily admin-
istrations of BCV at 6.7 mg/kg, 8 mg/kg, and 10 mg/kg were
sufficient to protect mice from lethality induced by infection with
cowpox virus, ectromelia virus, and VACV, respectively (22, 35).
In the current study, three doses of 20 mg/kg or 5 mg/kg BCV
administered every other day starting 1 day postchallenge pro-
tected mice from lethality. In addition, mice treated with 20 mg/kg

TABLE 4 AUCs for nude mice reconstituted with T cells, infected with IHD-J-Luc VACV, treated with BCV, and rechallenged with IHD-J-Luc
VACV on day 55

Tissue and treatmenta

Mean AUC (log10 photons/s � day) for:b

Days 1–6 Days 1–22 Days 1–29 Days 56–60 Days 56–81

Nasal cavity
PBS/vehicle 41.3 � 1.5
106 Tc/NT 41.4 � 0.2
PBS/BCV 38.2 � 1.1* 176.9 � 2.7
104 Tc/BCV 39.5 � 1.1* 167.0 � 6.9* 211.9 � 12.8 22.7 � 5.0* 46.6 � 7.5
105 Tc/BCV 40.6 � 0.9* 141.8 � 2.8** 172.4 � 2.6** 18.6 � 1.5** 42.2 � 1.9
Rechallenge control 34.2 � 0.7

Lungs
PBS/vehicle 34.7 � 1.5
106 Tc/NT 33.5 � 0.5
PBS/BCV 29.7 � 3.9* 131.7 � 16.7
104 Tc/BCV 30.7 � 3.2* 126.5 � 11.6 163.7 � 14.7 20.0 � 1.0* 43.6 � 2.3
105 Tc/BCV 32.7 � 0.5* 119.1 � 4.4 151.5 � 4.6 19.3 � 0.7* 43.8 � 1.3
Rechallenge control 26.2 � 2.3

Liver
PBS/vehicle 35.6 � 0.7
106 Tc/NT 34.5 � 0.4
PBS/BCV 27.1 � 2.7** 132.0 � 19.2
104 Tc/BCV 28.4 � 1.5** 123.7 � 11.2 162.0 � 16.0 18.8 � 0.6** 42.3 � 2.2
105 Tc/BCV 29.7 � 0.8** 110.7 � 2.1* 143.2 � 2.2* 18.6 � 0.2** 43.3 � 1.6
Rechallenge control 27.4 � 0.7

Spleen
PBS/vehicle 34.7 � 0.9
106 Tc/NT 33.3 � 0.1
PBS/BCV 25.0 � 2.6** 128.3 � 18.8
104 Tc/BCV 26.4 � 1.4** 119.8 � 11.5 156.1 � 14.7 17.6 � 0.6** 39.9 � 2.5
105 Tc/BCV 27.5 � 0.5 ** 102.0 � 2.8* 132.4 � 3.1* 17.2 � 0.2** 40.2 � 1.6
Rechallenge control 26.3 � 0.5

a PBS/vehicle, PBS-reconstituted mice treated with vehicle postchallenge; PBS/BCV, PBS-reconstituted mice treated with BCV postchallenge; 104 Tc/BCV, nude mice reconstituted
with 104 T cells and treated with BCV postchallenge; 105 Tc/BCV, nude mice reconstituted with 105 T cells and treated with BCV postchallenge; 106 Tc, nude mice reconstituted
with 106T cells without BCV treatment; rechallenge control, naive nude mice; NT, not treated.
b Mean AUCs � SD were calculated for fluxes in mice for the groups of mice where all mice survived during the time frame. Significant differences were determined for the
following groups: for days 1 to 6, between mean AUCs in PBS/vehicle versus 106 Tc/NT, PBS/BCV, 104 Tc/BCV, and 105 Tc/BCV groups; for days 1 to 22, between PBS/BCV and
104 Tc/BCV and 105 Tc/BCV groups; for days 1 to 29, between 104 Tc/BCV and 105 Tc/BCV groups; for days 56 to 60, between the rechallenge control and 104 Tc/BCV and 105

Tc/BCV groups. *, P � 0.05; **, P � 0.001.
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BCV beginning 2 days postchallenge were also protected from
lethality.

The advantage of bioimaging is the ability to monitor viral
replication at the site of challenge (nasal cavity) and its subsequent
dissemination to the lungs and other internal organs of living mice
as the infection progresses. The analysis of the mean AUCs
showed that 20 mg/kg BCV starting on day 1 was superior to 5
mg/kg starting on day 1 and to 20 mg/kg starting on day 2 in
reducing viral loads in organs in spite of complete protection from
lethality in all three regimens. In addition, 20 mg/kg of BCV start-
ing on day 1 completely prevented pox lesion development. De-
layed treatment initiation was less efficient, suggesting that there
might be a 24-h window when BCV can prevent dissemination of
VACV to the skin following intranasal challenge.

Mice that survived lethal infection with IHD-J-Luc VACV also
survived rechallenge with IHD-J-Luc or with WRvFire VACV.
The WRvFire and IHD-J-Luc VACV that were generated from
WR and IHD-J strains of VACV, respectively, are very similar but
not identical. They were previously shown to produce similar
amounts of mature virion (MV) particles but different quantities
of released enveloped virion (EV) particles (36). Our data from
rechallenge experiments show that a primary infection with
VACV followed by BCV three-dose treatment induced a strong
VACV-specific immunity that does not discriminate between
strains of VACV with different ratios of MV to EV particles. It is
also interesting that in our previous studies, initial replication of
WRvFire was noted by BLI in the nasal cavity and lungs of BALB/c
mice immunized with Dryvax vaccine via the peritoneal route
(27). In the current study, no bioluminescence was detected in any
organ above background in mice after rechallenge with WRvFire
or with IHD-J-Luc VACV (i.e., sterilizing immunity). We specu-
late that BCV administered orally in mice infected with VACV via
the intranasal route reduced virus replication but allowed for suf-
ficient exposure of the immune system to drive the differentiation
of VACV-specific immunity.

In our study we also assessed the effects of BCV on protection
of immune-deficient mice from lethality in a VACV challenge
model for the first time. The data showed that a three-dose or
nine-dose regimen of BCV extended survival of nude mice. These
data are in agreement with previous reports on another VACV
inhibitor, ST-246, including our own studies, demonstrating that
the virostatic drug protected immune-deficient mice from lethal-

ity while they were on treatment (29, 37). As expected, nude mice
succumbed after BCV was stopped. However, it is important that
the survival of these animals was extended for about 10 to 20 days
after the last dose of BCV was administered, which may be attrib-
uted to the long intracellular half-life of CDV-PP, the active anti-
viral metabolite of brincidofovir (38). Daily monitoring of viral
loads in nude mice showed that BCV significantly reduced VACV
replication in the lungs, spleen, and liver but not in the nasal cavity
(no significant difference in AUCs between mice treated with ve-
hicle compared to those treated with BCV on days 1, 3, and 5)
(Table 3). It is possible that as a result of oral administration, BCV
concentrates and efficiently controls viral replication in the liver,
spleen, and lungs, while control of viral replication in the nasal
cavity might depend more on T cells (see below).

In addition to nude mice, we used nude mice that were recon-
stituted with T cells purified from naive BALB/c mice in order to
better mimic patient groups with various levels of T cell immune
deficiencies. In agreement with our previous studies, 106 T cells
adoptively transferred into nude mice failed to protect them from
infection or to reduce viral loads (29). In contrast, BCV treatment
in combination with an adoptive transfer of 105 or 104 T cells
conferred survival to 100% or 60% of mice, respectively. This
differs from ST-246, where only mice that received 105 T cells
survived (29). The lower pool of T cells that was sufficient to
induce partial protection in combination with BCV in the current
study can possibly be attributed to its longer half-life in cells that
allows expansion of low-frequency VACV-specific T cells and
their differentiation into effector T cells under the umbrella of
drug treatment.

Bioimaging of infected nude mice showed that early after ini-
tiation of treatment with BCV (day 6), all BCV-treated mice, with
or without adoptive T cell transfer, exhibited significantly lower
viral loads in all four organs. Later in the infection (day 22), the
contribution of T cells to the protective effect from BCV could be
noted since mean AUCs were significantly lower in at least three
organs (nasal cavity, spleen, and liver) in BCV-treated mice recon-
stituted with 105 T cells than in mice treated with BCV alone. As
expected, transfer of 104 T cells resulted in a smaller impact on
survival and viral loads than 105 T cells, suggesting a threshold
effect in this model. Namely, a combination of the three-dose
BCV treatment with transfer of 104 T cells protected only �60% of
nude mice challenged with a lethal dose of VACV. Similarly, on

TABLE 5 Pox lesion counts for nude mice reconstituted with T cells, infected with IHD-J-Luc VACV, treated with BCV postchallenge, and then
rechallenged with IHD-J-Luc VACV on day 55a

Treatment group
Survival
(%)

Pox lesion count by day postinfection (mean � SD)b

4 6 7 11 19 26 33 46 55 60 65 81

PBS/vehicle 0 1.0 � 0.7 4.8 � 3.6 12.0 NA NA NA NA NA NA NA NA NA
106 Tc/NT 0 1.0 � 1.4 6.0 � 1.4 8.5 � 0.7 NA NA NA NA NA NA NA NA NA
PBS/BCV 0 0* 0* 1.3 � 1.2 2.3 � 2.5 1.3 � 2.3 1.0 � 1.0 NA NA NA NA NA NA
104 Tc/BCV 43 0* 0.3 � 0.5* 0.4 � 0.5 0.9 � 1.9 0.6 � 0.5 1.3 � 1.5 0.8 � 1.0 0.5 � 1.0 0.3 � 0.6 0.3 � 0.6 0 0
105 Tc/BCV 100 0.2 � 0.4* 1.2 � 0.5* 0.8 � 0.8 0.2 � 0.4 0 0† 0 0 0 0‡ 0 0
Rechallenge

Control
0 NA NA NA NA NA NA NA NA 0 1.5 � 0.7 2 NA

a Mice were treated with 20 mg/kg BCV on days 1, 3, and 5 postchallenge.
b Pox lesions on mouse tails were counted using dorsal images of individual mice and were used to calculate average pox numbers � SD per surviving animal for each day. *, P �

0.05 for differences between PBS/vehicle versus 106 Tc/NT, PBS/BCV, 104 Tc/BCV, and 105 Tc/BCV groups of mice in mean daily pox counts; †, P � 0.05 for differences between
PBS/BCV versus 104 Tc/BCV and 105 Tc/BCV groups of mice; ‡, P � 0.05 for differences between rechallenge control mice versus 104 Tc/BCV and 105 Tc/BCV groups of mice. NA,
not applicable.
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day 29 (when all mice that received adoptive transfer with 104 or
105 T cells were alive) 104 T cells were less efficient than 105 T cells
in controlling viral loads in all organs (Table 4, day 29). Impor-
tantly, unlike nonreconstituted nude mice, where virus reemerged
about 4 to 9 days after the last dose of BCV, in all surviving nude
mice that were reconstituted with 104 or 105 T cells and treated
with BCV, bioluminescence was reduced to background levels 50
or 10 days after the last dose of BCV, respectively. Interestingly,
there were no significant differences in mean AUCs after rechal-
lenge between mice that were reconstituted with 104 or 105 T cells
before the primary infection (Table 4, days 56 to 81). These data
demonstrate that the quality of generated VACV-specific immune
memory as a result of the primary infection in the presence of BCV
was similar between mice that were reconstituted with either 104

or 105 T cells and was sufficient to confer protection from a re-
challenge with 105 PFU of IHD-J-Luc VACV, which is a lethal dose
for normal BALB/c mice.

VACV has a substantial genome (�200 open reading frames)
coding for a large number of potential T cell epitopes identified in
mice and humans (reviewed in reference 39). Recent studies have
shown that some T cell epitopes elicit more protective immunity
than others. For example, of the 49 different CD8� T cell epitopes
studied in C57BL/6 mice, 2 epitopes conferred 100% protection
from lethal intranasal infection with VACV (40). In another study,
five immune-dominant epitopes out of the predicted 258 open
reading frames accounted for half of the VACV-specific CD8� T
cells in C57BL/6 mice (41). Furthermore, immune dominance
was greatly affected by the route of VACV infection (41). In our
experiments all nude mice that received 105 T cells survived lethal
challenge, and of the nude mice that received 104 T cells, �60%
survived. Based on the calculated precursor frequency of VACV-
specific CD8� T cells of 1:1,500 (42), it could be predicted that at
least 22 and 2.2 VACV-specific naive CD8� T cells were present in
the pool of 105 and 104 transferred T cells, respectively. Yet these
low numbers of VACV-specific T cells combined with BCV were
sufficient to protect 100 and 60% of mice from lethal challenge.
Though the specificities of VACV-specific precursors in the pools
of transferred 105 and 104 T cells were not identified in our study,
it is possible to speculate that the intranasal route of infection in
the presence of BCV provided an optimal environment for expan-
sion and differentiation of T cell clones that were responsible for
clearance of the virus. Our current study emphasized the role of T
cells in protection of mice from lethal challenge with VACV, and
the role of neutralizing antibodies (Abs) was not directly ad-
dressed. However, in our previous study, neutralizing Abs were
detected at 1 and 2 months postchallenge in 33 to 50% of nude
mice reconstituted with 105 T cells and treated with ST-246 post-
challenge with IHD-J VACV (29). Based on these data, it is con-
ceivable that at the time of rechallenge in the current experiments,
neutralizing Abs and VACV-specific memory B cells most likely
contributed to the complete protection from viral dissemination.
Future studies are planned to explore the effects of BCV on the
kinetics of generation of neutralizing Abs and also the role of
memory B cells in protection from lethal infection with VACV of
nude mice partially reconstituted with T cells.

It is unethical to intentionally infect humans with variola virus
in order to conduct studies of potential smallpox therapeutics.
Therefore, developments of animal models of smallpox that
mimic key aspects of the disease are essential in order to evaluate
their efficacy. The intranasal vaccinia virus model in normal and

immune-deficient nude BALB/c mice is one such model. The abil-
ity to model disease and the efficacy of potential therapeutics un-
der various immune-deficient/compromised conditions is highly
useful and relevant to the anticipated use of smallpox antivirals in
an outbreak. Although vaccination is expected to be the primary
response to a smallpox outbreak, vaccination is contraindicated in
immunocompromised patients; hence, it is these patients who are
most likely to receive smallpox antivirals. Application of bioimag-
ing to a traditional model of lethal challenge with VACV in both
normal and immune-deficient mice allowed us to gain insight on
the protection from lethality conferred by BCV. The ability of
BCV to control viral replication at the site of challenge and to
successfully reduce viral dissemination to internal organs provides
a critical shield for the development of an adaptive immune re-
sponse that clears the host of VACV and builds VACV-specific
immunological memory.
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